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In t roduc t ion  
! 

Many f a c t o r s  o t h e r  t han  r e g u l a t o r y  de l ays  have been r e s p o n s i b l e  f o r  
t h i s  un fo r tuna te  record.  They can g e n e r a l l y  be c l a s s e d  a s  i n f l a t i o n ,  o t h e r  
forms of e s c a l a t i o n ,  p rocess  development, and i n c r e a s e  i n  p r o j e c t  scope. 
This  paper ana lyzes  t h e s e  f a c t o r s  and g i v e s  p e r s p e c t i v e  f o r  e s t i m a t i o n  of 
f u t u r e  changes and avoidance of p i t f a l l s .  

- - -  - _  
Cost Esca la t ion  

F igu re  1 is a p l o t  de r ived  from publ ished da ta .  I t  shows how c o s t  
es t imates  have ' i nc reased  f o r  an  o i l  s h a l e  p l a n t  u s ing  the  TOSCO I1 process  
and f o r  a t a r  s ands  p l a n t  by Syncrude Canada Ltd.  (SCL). The p l o t  a l s o  
shows t h a t  t h e  i n c r e a s e s  f a r  exceeded t h e  i n c r e a s e s  o f  the CE P l a n t  Cost  
Index publ ished by Chemical Engineer ing magazine, which i s  intended t o  
r e f l e c t  t h e  changes i n  c o s t  o f  process  p l a n t s .  The CE Index c o r r e l a t e s  
with a broader  index of i n f l a t i o n ,  t h e  GNP Def l a to r .  In  f a c t ,  a p l o t  of 
t he  GNP D e f l a t o r  would be i n d i s t i n g u i s h a b l e  from t h e  p l o t  of t h e  CE Index 
a t  t he  s c a l e  of F igu re  1. How is t h e  obvious t o t a l  f a i l u r e  of c o s t  indexes 
t o  be explained? 
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O i l  s h a l e  and t a r  sands p l a n t s  a r e  obviously s p e c i a l  c a s e s  i n  t h a t  
they use  unproven p r o c e s s e s ,  so w e  should i n q u i r e  whether c o s t  indexes 
have s u c c e s s f u l l y  r e f l e c t e d  changes i n  c o s t s  of r o u t i n e  p l a n t s .  The answer 
is a resounding "no." 
completed i n  1967 c o s t  W. R. Grace $33.6 m i l l i o n ,  compared wi th  a cost of 
$107.4 m i l l i o n  f o r  a s i m i l a r  p l a n t  to  be completed i n  1978.l The i n c r e a s e  
i s  220 percent ,  compared with a probable  i n c r e a s e  of about 100 percent  f o r  
the CE Index. 
p o l l u t i n g ,  so t h e  i n c r e a s e  should r e f l e c t  e s c a l a t i o n  more than  change i n  
design. 

I 
For example, a 1,200 t o n - p e r d a y  ammonia p l a n t  I 

Ammonia product ion is w e l l  developed and r e l a t i v e l y  non- 

The year  1974 gave a p a r t i c u l a r  divergence of p l a n t  c o s t s  from 
indexes, when an engineer ing  c o n t r a c t o r  repor ted  t y p i c a l  i n c r e a s e s  of  
petroleum and petrochemical  p l a n t s  of  30 t o  40 percent  i n  6 months whi le  
the index rose about 14 percent .  
by the  overhea t ing  of t h e  economy a t  t h a t  t i m e  and by t h e  d e r i v a t i o n  of  t h e  
index. The CE P l a n t  C o s t  Index depends on 67 Bureau of  Labor S t a t i s t i c s  
(BLS) indexes,  f o r  which a l l  of t h e  equipment indexes depend on l i s t  p r i c e s .  
L i s t  p r i c e s  a r e  a f i c t i o n  n o t  r e f l e c t i n g  c o n t r a c t  p r i c e s  i n  s l a c k  p e r i o d s ,  
when deep d iscounts  a r e  a v a i l a b l e .  L i s t  p r i c e s  a r e  n o t  l i k e l y  to be r a i s e d  
a's soon a s  r e a l  p r i c e s  when t h e  economy improves. 
confirmed by Savay.' 

The 1974 exper ience  is  p a r t l y  expla ined  

T h i s  a n a l y s i s  was 

Aside from d e t a i l s ,  indexes have a b a s i c  problem. Indexes a t tempt  t h e  
impossible  i n  t r y i n g  t o  g i v e  a s i n g l e  number r e p r e s e n t a t i v e  of  c o s t  of 
d i s s i m i l a r  p l a n t s  when component c o s t s  a r e  changing a t  g r e a t l y  d i f f e r e n t  
ra tes ,  as  shown i n  T a b l e  1 for t h e  d i f f i c u l t  two-year per iod  from J u l y  1973 
t o  1975. The e x t r a o r d i n a r y  i n c r e a s e s  for h e a t  exchangers and c e n t r i f u g a l  
compressors r e f l e c t  supply  and demand. Many exchanger manufacturers  l e f t  
t h e  bus iness  i n  e a r l i e r  per iods  of low p r o f i t a b i l i t y ,  and many foundr ies  
shut  down r a t h e r  than  comply wi th  new a n t i p o l l u t i o n  and j o b  s a f e t y  r u l e s .  

Even t h e  l a r g e s t  p r i c e  increases  do n o t  e x p l a i n  t h e  i n c r e a s e s  i n  
c o s t  es t imates  i n  boom per iods  because e s c a l a t i o n  c l a u s e s  make t h e  f i n a l  
c o s t s  u n c e r t a i n ,  s c h e d u l e  s t r e t c h o u t s  i n c r e a s e  c o s t s  of  i n t e r e s t ,  insurance ,  
and adminis t ra t ion ,  and contingency al lowances a r e  l i k e l y  t o  be  increased .  
A r e l a t e d  s i t e - s p e c i f i c  f a c t o r ,  l o c a l  l a b o r  shor tages ,  r e q u i r e s  overt ime 
pay and causes  reduced p r o d u c t i v i t y  and f u r t h e r  de lays .  

O i l  Sha le  Case H i s t o r y  

The previous s e c t i o n  showed t h a t  remarkable e s c a l a t i o n  occurred i n  t h e  

Three o t h e r  f a c t o r s  have 
c a p i t a l  c o s t s  of  p e r f e c t l y  convent ional  process  p l a n t s ,  and t h a t  t h i s  
e s c a l a t i o n  is n o t  f u l l y  revea led  by c o s t  indexes.  
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coincided wi th  t h e  i n f l a t i o n a r y  f o r c e s  to a c c e l e r a t e  t h e  e s c a l a t i o n  of 
s y n t h e t i c  o i l  p l a n t  c o s t s .  These f a c t o r s  a re :  

T ighten ing  environmental c o n t r o l s  

Shor tages  of convent ional  f u e l s  

Changes i n  des ign  and scope r e s u l t i n g  from developmental 
programs and d e f i n i t i v e  engineer ing a n a l y s i s .  

Table  1 

COST INCREASES, JULY, 1973 TO JULY, 1975 

BLS Code Item Percent  I n c r e a s e  

1072010.03 Pressure  Tanks 

(Nelson Index) Heat exchangers 

11401.03 C e n t r i f u g a l  compressors 

11401.02 I n d u s t r i a l  pumps 

1166.04 Chemical i n d u s t r y  machinery 

(CE Index) P ipes ,  va lves ,  and f i t t i n g s  

CE P l a n t  c o s t  index 

47 % 

97 

92 

42 

67 

42 

26 

Source: SRI 

A l l  t h e  e s t i m a t e s  f o r  TWCO I1 o i l  s h a l e  p l a n t s  considered h e r e i n  a r e  
f o r  t h e  same s h a l e  r a t e  (66,000 t o n s  per  s t ream day) ,  bu t  t h e  assumed s h a l e  
assay  and n e t  y i e l d  vary. The e s t i m a t e s  were a l l  repor ted  by The O i l  S h a l e  
Corporat ion (TOSCO) . 

In  1967, TOSCO es t imated  $130 m i l l i o n  would buy a p l a n t  capable  of 
producing 52,200 BF'CD ( b a r r e l s  per  ca lendar  day) of s y n t h e t i c  crude.  A 
p l a n t  for t h e  same amount of unhydrogenated p i p e l i n e  o i l  would c o s t  less 
than  $100 m i l l i o n .  Natura l  gas  was to  be t h e  source  of hydrogen, so no 
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l o s s  i n  y i e l d  r e s u l t e d  from upgrading. Shortages l a t e r  forced  TOSCO and 
p a r t n e r s  t o  abandon t h i s  d e s i r a b l e  source  of hydrogen. I r o n i c a l l y ,  t h e  
same f a c t o r  t h a t  increased  t h e  need f o r  s y n t h e t i c  o i l  a l s o  made i t  more 
cos t ly .  

Reported c o s t s  p a r a l l e l e d  genera l  i n f l a t i o n  through l a t e  1968, b u t  
by 1972 c o s t s  had increased  sharp ly .  N e w  environmental c o n t r o l s ,  inc luding  
a change of p l a n t  s i t e  from t h e  canyon t o  the  mesa, were requi red .  TOSCO 
and p a r t n e r s  reduced t h e  es t imated  s h a l e  assay and o i l  y i e l d  and made 
p l a n t  des ign  changes a s  a r e s u l t  of  t h e  development program. The p l a n  t o  
market a low-sulfur  f u e l  o i l  r a t h e r  than  r e f i n e r y  feedstock may have 
moderated t h e  d e c r e a s e  i n  y i e l d .  Thus an i n c r e a s e  of about  20 percent  i n  
t h e  CE Index, which i n  t h i s  per iod  was doing a reasonable  j o b  of measuring 
i n f l a t i o n ,  accompanied a doubl ing of c o s t  per  d a i l y  b a r r e l .  

The e a r l y  1974 es t imate  of $9,900 p e r  d a i l y  b a r r e l  was based on more 
d e f i n i t i v e  design and energy s e l f - s u f f i c i e n c y  f o r  t h e  p l a n t ,  r e s u l t i n g  i n  
a lower y i e l d .  From t h i s  t i m e  on, design was f i x e d ,  b u t  h y p e r i n f l a t i o n  
took i t s  t o l l .  

A paper on t h e  confusing s u b j e c t  of c o s t  e s c a l a t i o n  should mention t h e  
inadver ten t  confus ion  caused by f a i l u r e  of q u a l i f y i n g  information t o  g e t  
i n t o  the  r e p o r t s .  Within t h e  space of a few days i n  autumn 1974, e s t i m a t e s  
of $630 m i l l i o n  and $800 m i l l i o n  were repor ted .  The f i r s t  was i n  c o n s t a n t  
d o l l a r s  (as  used i n  F igure  l ) ,  and t h e  second included es t imated  e s c a l a t i o n  
during the  c o n s t r u c t i o n  per iod  a t  about 1 2  percent  per  year. 

The e s t i m a t e s  for March 1975 and autumn 1975 a r e  more d e t a i l e d  than  
t h e  e a r l i e r  ones,  and they show t h e  need f o r  c a u t i o n  i n  tak ing  t o t a l  
es t imates  a t  f a c e  The f i r s t  included $79 m i l l i o n  f o r  a c q u i s i t i o n  
of o i l  s h a l e  r e s e r v e s  not  i n  t h e  e a r l i e r  es t imates .  The second i n c r e a s e s  
t h i s  f i g u r e  t o  $155 m i l l i o n ,  mainly because t h e  p l a n t  is assumed t o  r u n  f o r  
35 years  i n s t e a d  of  20. The r e f e r e n c e s  a l s o  show a l a r g e  i n c r e a s e  i n  
cont ingencies  f o r  nonplant  f a c i l i t i e s .  

Tar Sands Case H i s t o r y  

W e  cons ider  t h e  SCL Athabasca p l a n t  h i s t o r y  h e r e i n  but  n o t e  i n  pass ing  
t h a t  the  e a r l i e r  G r e a t  Canadian O i l  Sands (CCOS) p l a n t  was f i n i s h e d  i n  1967 
with only about  25 p e r c e n t  overrun and t h a t  t h e  e s t i m a t e  increased  only  
about 25 percent  d u r i n g  t h e  l a s t  year  of d e f i n i t i v e  engineer ing.  
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In e a r l y  1968 SCL es t imated  less than ha l f  t h e  GCOS c o s t  p e r  d a i l y  
b a r r e l  ($2,400 Canadian) not  inc luding  a power p l a n t  or p i p e l i n e ,  based 
On “Second genera t ion”  economics, a b e t t e r  mine site, and a l a r g e r  s c a l e .  
I n  h inds ight ,  economy of s c a l e  can  be e l u s i v e  when l a r g e  p l a n t s  a r e  b u i l t  
i n  remote l o c a t i o n s  because t h e  p r o j e c t  aggrava tes  l a b o r  shor tages  and much 
equipment is r e p l i c a t e d  r a t h e r  than  increased  i n  size.  

The 1968 e s t i m a t e  r e l i e d  on s e v e r a l  process  s t e p s  t h a t  were i n  t h e  
development s t a g e ,  For t h e  summer 1971 es t imate ,  d r a g l i n e s  and u n i t  t r a i n s  
replaced s c r a p e r s  and b e l t  conveyors f o r  handl ing ore .  However, abandoning 
energy s e l f - s u f f i c i e n c y  and s u b s t i t u t i n g  n a t u r a l  gas a s  f u e l  and a s  a 
source  of hydrogen (and perhaps t h e  l a r g e r  s c a l e )  moderated t h e  c o s t  
increases ,  so they were only a l i t t l e  above genera l  i n f l a t i o n .  SCL gave a 
range of expected c o s t s  a t  t h a t  time. 

By 1973, GCOS had accumulated a $90 m i l l i o n  l o s s ,  and SCL was 
emphasizing proven r e l i a b i l i t y  over  development processes  wi th  t h e o r e t i c a l  
advantages. For the  removal of water  and f i n e s  from t h e  bitumen, d i l u t i o n ,  
c e n t r i f u g i n g ,  and d i l u e n t  recovery rep laced  f l a s h  dehydrat ion.  For upgrad- 
ing  of bitumen, f l u i d  coking rep laced  hydrovisbreaking.  The es t imated  
syncrude y i e l d  was reduced. I n  a year  and a h a l f ,  p rocess  changes increased  
t h e  c o s t  more than  100 p e r c e n t ,  and i n c l u s i o n  of a power p l a n t  and p i p e l i n e  
added another  25 percent  t o  t h e  increased  amount. 

Af te r  t h c  1973 e s t i m a t e ,  A l b e r t a  en tered  an investment boom accompanied 
by ex t raord inary  i n f l a t i o n  u n t i l  t h e  end of t h e  t i m e  covered i n  t h i s  s tudy .  
The r a p i d  i n c r e a s e s  i n  cost e s t i m a t e s  prompted a p o l i t i c a l  i n v e s t i g a t i o n  t o  
determine whether t h e  o i l  companies had d e l i b e r a t e l y  d i s t o r t e d  the es t imates .  
The i n v e s t i g a t i o n  found no evidence of t h i s  b u t  a t t r i b u t e d  t h e  i n c r e a s e s  t o  
s e v e r e  and unant ic ipa ted  e s c a l a t i o n ,  a d d i t i o n a l  preproduct ion c o s t s  from 
de lays  and increased  manpower, and more d e f i n i t i v e  engineer ing .  The 
December 1974 e s t i m a t e  was $18,600 p e r  d a i l y  b a r r e l  i n  c o n s t a n t  d o l l a r s  
(used on Figure  1) and $23,100 i n  c u r r e n t  d o l l a r s  f o r  t h e  i n i t i a l  c a p a c i t y  
of 104,550 BPCD. 

Learning Curves 

Cost es t imates  u s u a l l y  i n c r e a s e  a s  processes  advance from the 
labora tory  s t a g e  t o  commercial use ,  even without  t h e  e x t r a o r d i n a r y  f a c t o r s  
of recent  years .  Costs  may d e c l i n e  because of t h e  discovery of a new 
c a t a l y s t  or c o r r o s i o n  i n h i b i t o r  or t h e  l i k e ,  b u t  u s u a l l y  optimism p r e v a i l s  
u n t i l  d i s p e l l e d  by hard da ta .  A f t e r  commercial izat ion,  u n i t  costs o f t e n  
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d e c l i n e  a s  l a r g e r  p l a n t s  a r e  b u i l t  and s a f e t y  f a c t o r s  a r e  reduced. F igure  
2 shows these  tendencies  and a l s o  t h e  hazard of comparing d i r e c t l y  a n  
e s t i m a t e  f o r  an advanced concept  with a corresponding e s t i m a t e  f o r  a n  
e s t a b l i s h e d  process .  

Amortized product ion  c o s t s  exc lus ive  of raw m a t e r i a l  c o s t s ,  i n  
cons tan t  d o l l a r s  ( a l s o  c a l l e d  value added), c o r r e l a t e  w e l l  wi th  cumulat ive 
product ion of an i n d ~ s t r y . ~  
every t i m e  cumula t ive  product ion  doubles. I n  t h e  e a r l y  s t a g e s ,  an indus t ry  
f requent ly  grows exponent ia l ly  with t i m e ,  so a l i n e a r  t i m e  s c a l e  may be 
superimposed on a logar i thmic  product ion s c a l e ,  a s  shown i n  F igure  2 .  For 
c a p i t a l  i n t e n s i v e  i n d u s t r i e s ,  t h e  c a p i t a l  c o s t  t ends  to  dominate t h e  cost 
of v a l u e  added, b u t  raw m a t e r i a l s  a r e  a f f e c t e d  t o o  much by extraneous 
f a c t o r s  t o  be c o r r e l a t a b l e .  

Typica l ly  t h i s  c o s t  decreases  20 percent  

Decreasing t r e c d s  w i l l  probably apply t o  s y n t h e t i c  f u e l  c o s t s  
eventua l ly ,  b u t  t h e  t i m e  t o  design and bui ld  a p l a n t  is so long t h a t  
b e n e f i t  of exper ience  w i l l  be slow i n  coming. 

Impl ica t ions  f o r  Cost  Es t imat ing  

Table  2 l i s ts  f a c t o r s  t h a t  apply dur ing  t h e  var ious  s t a g e s  of process  
development. T h i s  t a b l e  cannot  quant i fy  c o s t  u n c e r t a i n t i e s ,  bu t  it can 
a l e r t  a person to  omissions and unresolved q u e s t i o n s  i n  an es t imate .  

How t o  account  f o r  t h e  s t a g e  of process  development i n  an e s t i m a t e  
i s  p a r t l y  a m a t t e r  of phi losophy.  On a s t a t i s t i c a l  b a s i s ,  less developed 
processes  j u s t i f y  h igher  contingency al lowances,  bu t  t o o  much c a u t i o n  
i n h i b i t s  d e s i r a b l e  r e s e a r c h  and development. Hopeful ly ,  us ing  Table  2 a s  
a check l i s t  w i l l  l ead  to  b e t t e r  e s t i m a t e s  i n  t h e  e a r l y  s tages .  

I n  summary, t h e  c o s t  of developmental p rocesses  may be a f f e c t e d  by 
f a c t o r s  o t h e r  t h a n  e s c a l a t i o n  a s  fol lows:  

Raw m a t e r i a l  and product s p e c i f i c a t i o n s  

O v e r a l l  p rocess  y i e l d  

P r o j e c t  scope  and a u x i l i a r i e s  

0 Process  v a r i a b l e s  and subprocesses  

M a t e r i a l s  of construct ion--corrosion,  e ros ion .  
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The following factors may affect either developmental or commercial 
project costs: 

Energy and raw material availability 

Environmental regulations 

Optimization versus derating. 

Derating refers to loss of capacity through installation of pollution 
control systems, change of raw material, and the like. Potential bias may 
affect estimates in the form of contingencies, redundancy for reliability, 
and accounting practices such as capitalizing development costs and some 
operating costs. 

As to the future, the environmental movement and energy shortage have 
been with us long enough that they are unlikely to cause the surprises of 
the past. Equipment shortages tend to attract competition, although time 
is required for the competition to become affective. Thus plant costs at 
constant scope seem likely to parallel more closely those of the general 
economy. 
by being aware of its prevalence and by considering what questions are 
unresolved at the time of the estimate. 

Estimators may temper early over-optimism in development projects 
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I N  SITU O I L  SHALE - RESOURCE RECOVERY 

D r .  Harry  E. McCarthy 

Occidenta l  E x p l o r a t i o n  and Product ion Company 
5000 Stockdale Highway, Bakers f i e ld ,  C a l i f o r n i a  93309 

ABSTRACT 

With the complet ion o f  process ing o f  t h e  f i r s t  l a r g e  sca le  r e t o r t  (Re to r t  4 ) ,  
Occidental i s  now i n  a p o s i t i o n  t o  b e t t e r  eva lua te  the  p o t e n t i a l  resource recovery 
from a g iven t r a c t  of land. The r e s u l t s  o f  Re to r t  4 w i l l  be g iven and then p r o j e c t e d  
t o  a hypo the t i ca l  t r a c t  o f  government land. V a r i a t i o n  i n  r e t o r t  s i z e  and geometric5 
w i l l  be discussed. A genera l ized r e t o r t  l ayou t  w i l l  be presented which should a l l o w  a 
resource eva lua t i on  t o  be made on var ious t r a c t s .  These r e s u l t s  w i l l  be compared w i t h  
t he  r e s u l t s  o f  a l t e r n a t i v e  r e t o r t i n g  processes. 
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Paraho O i l  Shale  Pro jec t  

Harry Pforzheimer 
Paraho Oil Shale  Demonstration, I n c . ,  Anvil P o i n t s ,  Colorado 

INTRODUCTION 

The Paraho O i l  Shale  P r o j e c t  i s  a p r i v a t e l y  f inanced program t o  prove t h e  
Paraho r e t o r t i n g  process  and hardware on o i l  sha le  a t  Anvii Poin ts ,  Colorado, near 
R i f l e .  The p r o j e c t  w a s  launched i n  l a t e  1973 under t h e  sponsorship of seventeen 
p a r t i c i p a n t s * ,  many of  whom were a c t i v e  i n  e a r l i e r  o i l  s h a l e  research.  These com- 
panies  earn t h e  r i g h t  t o  l i c e n s e  t h e  Paraho O i l  Shale  technology on favorable  terms 
by p a r t i c i p a t i n g .  During 1975, these  p a r t i c i p a n t s  increased  the  funding f o r  t h e  
p r o j e c t  from $7.5 m i l l i o n  t o  $9 m i l l i o n  and extended t h e  term from February t o  May 
1976. 

BACKGROUND 

Why is  t h e r e  a Paraho O i l  Shale  P r o j e c t ?  Why i s  it being conducted a t  Anvil 
Poin ts?  The answers t o  t h e s e  ques t ions  go a l l  t h e  way back t o  1964 and t h e  Colony 
Development programs. 

The f i r s t  Colony Development program was organized by Sohio Petroleum (Sohio), 
The Cleveland-Cliffs  I r o n  Company ( C l i f f s ) ,  and The O i l  Shale  Corporation (Tosco) 
i n  1964. A mine w a s  opened and a semi-works s c a l e  TOSCO type p l a n t  was b u i l t  near 
Parachute Creek, Colorado about 23 miles  from Anvil Points .  Operations were com- 
menced in 1965 and s h u t  down i n  1966. 

After  the  shut-down of  t h e  TOSCO p l a n t  i n  1966, Sohio and C l i f f s  made an exten- 
s i v e  survey of t h e  world-wide technology f o r  r e t o r t i n g  o i l  shale .  Among 35 d i f f e r e n t  
technologies  which were s tud ied  i n  d e t a i l ,  a s e r i e s  of new invent ions  by John B. Jones, 
Jr. were s e l e c t e d  as t h e  most promising. Thev were r e f e r r e d  t o  as the  Paraho tech- 
nology. 

Before a program could be organized t o  t e s t  t h e  Paraho technology on o i l  s h a l e , ,  
negot ia t ions  began wi th  A t l a n t i c  Richf ie ld  Company (Arco) t o  form t h e  second Colony 
Development program. These were completed by Sohio, C l i f f s ,  Tosco, and A r c 0  i n  1969. 
Arc0 became t h e  Operator of Colony f o r  t h e  four  companies. By e a r l y  1971 t h e  Parachute 
mine and p l a n t  had been r e a c t i v a t e d  and opera t ions  attempted. 
ing  completed t h e i r  f i n a n c i a l  commitments, Sohio and C l i f f s  withdrew from funding the 
second Colony program r e t a i n i n g  t h e i r  land i n t e r e s t s .  Arco and Tosco cont inued plant  
opera t ions  i n t o  e a r l y  1972 before  s h u t t i n g  down. 

I n  September 1971, hav- 

I n  1971, Sohio began providing f i n a n c i a l  a s s i s t a n c e  t o  John Jones t o  h e l p  defray 
c e r t a i n  expenses of o b t a i n i n g  a l e a s e  on t h e  O i l  Shale  Experiment S t a t i o n  a t  Anvil 
P o i n t s  from t h e  Bureau of Mines. With Parachute Creek occupied, t h e  Anvil Poin ts  s i t e  
was needed so t h e  Paraho processes  could be  t r i e d  on o i l  sha le .  The Anvil Poin ts  lease  
was approved by t h e  P r e s i d e n t  of t h e  United S t a t e s  i n  May 1972. I n  1973, organizat ion 
of  t h e  Paraho O i l  Shale  Demonstration began. 
t h e  pro jec t .  

By year-end, 17 p a r t i c i p a n t s  had joined 

m * The seventeen Paraho p a r t i c i p a n t s  a r e  A t l a n t i c  Richf ie ld ,  Car te r  O i l  (Exxon), 
Chevron Research (Standard of C a l i f o r n i a ) ,  Cleveland-Cliffs  I ron,  Gulf O i l ,  Kerr-McKee, 
Marathon o i l ,  Arthur G. McKee, Mobil Research, P h i l l i p s  Petroleum, S h e l l  Development, 
Sohio Petroleum, Southern C a l i f o r n i a  Edison, Standard O i l  Company ( I n d i a n a ) ,  Sun O i l ,  
Texaco, and t h e  Webb-Chambers-Gary-McLoraine Group. 
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PROGRAM 

Two new Paraho r e t o r t s ,  a p i l o t  p l a n t  and a semi-works s i z e  u n i t ,  were i n s t a l l e d  
a t  Anvil Poin ts .  
reac t iva ted .  
P l a n t  1s used t o  explore  opera t ing  parameters i n  o r d e r  t o  d e f i n e  condi t ions  for t e s t i n g  
i n  the  l a r g e r  semi-works s i z e  r e t o r t .  The experimental  opera t ions  i n  1974 set t h e  
s tage  f o r  t h e  Successful  runs i n  1975 and e a r l y  1976. 
a t ions  t o  d a t e  have been encouraging. They demonstrate t h a t  t h e  process  works, t h a t  
the  equipment i s  durable  and t h a t  both a r e  environmentally acceptable  on a p i l o t  and 
a semi-works p l a n t  s c a l e .  

The o i l  s h a l e  mine on the  ad jacent  Naval O i l  Shale  Reserve was 
The mine and new r e t o r t s  were p u t  i n t o  opera t ion  during 1974. The p i l o t  I 

The r e s u l t s  of the  Paraho oper- 

During 1975, t h e  opera t ion  being conducted a t  Anvil P o i n t s  progressed from t h e  I experimental i n t o  t h e  o p e r a b i l i t y  phase. A 56-day o p e r a b i l i t y  run i n  t h e  d i r e c t  f i r e d  
mode w a s  completed on t h e  semi-works r e t o r t  i n  March 1975. Following t h i s  run ,  10,000 
b a r r e l s  of t h e  sha le  o i l  produced were r e f i n e d  i n t o  seven d i f f e r e n t  f u e l s  f o r  t h e  U.  S. 
Navy i n  the  l a r g e s t  such conversion of  s h a l e  o i l  i n t o  m i l i t a r y  products .  A nationwide 
product t e s t i n g  program by indus t ry  and government of Paraho's s y n t h e t i c  f u e l s  followed. 
This included an opera t iona l  t es t  of Paraho JP-4 i n  an A i r  Force T-39 j e t  a i r c r a f t  
f l i g h t  from Wright Pa t te rson  A i r  Force Base near  Dayton, Ohio t o  Carswell A i r  Force 
Base near  For t  Worth, Texas; a 7-day Great Lakes c r u i s e  on Paraho heavy f u e l  o i l  by a 
Cleveland-Cliffs I ron  o r e  c a r r i e r ;  and a f u l l - s c a l e  b o i l e r  burning t e s t  by Southern ' Cal i forn ia  Edison of Paraho crude s h a l e  o i l .  

Success of the  Paraho P r o j e c t  suggested t h a t  t h e  next l o g i c a l  s t e p  should be t h e  
construct ion and opera t ion  of  a f u l l - s i z e  Paraho r e t o r t .  This  would reduce i n d u s t r y ' s  
and government's concerns about  t h e  a b i l i t y  t o  successfu l ly  s c a l e  up proven technology 
t o  commercial s i z e .  I n  May 1975, Paraho announced i ts  proposal  t o  cons t ruc t  and oper- 
a t e  a f u l l - s i z e  Paraho module a t  Anvil Poin ts .  The proposal  included a f u l l - s i z e  
Paraho r e t o r t ,  an expanded mine and a l l  the  a u x i l i a r y  equipment needed t o  opera te  t h i s  
f u l l - s i z e  module. A c o s t  of $76 mi l l ion  was est imated f o r  cons t ruc t ion  and opera t ion .  

Considerable i n t e r e s t  and support  was evidenced by indus t ry  and government i n  
Paraho 's  f u l l - s i z e  module proposal .  The chairmen o f  t h e  Armed Serv ices  Committees 
of the  U. S. House of  Representat ives  and t h e  U. S. Senate granted t h e  r i g h t  t o  mine 
the  a d d i t i o n a l  sha le  required from t h e  Naval Reserve. The Navy authorized proceeding 
when ready. Paraho's subs id ia ry ,  Development Engineering, Inc . ,  exerc ised  i t s  opt ion  
t o  extend the  lease  on t h e  Anvil Poin ts  O i l  Shale  Experiment S ta t ion .  The Bureau of 
Mines completed a favorable  environmental assessment of t h e  module proposal .  The 
S o l i c i t o r ' s  o f f i c e  of t h e  Department of  I n t e r i o r  i s sued  Guidelines f o r  the  Federal  
Prototype O i l  Shale Leasing Program. These Guidel ines  provided,  among o t h e r  t h i n g s ,  
t h a t  expendi tures  by l e s s e e s  f o r  patented or demonstrated technology, such a s  Paraho 's ,  
would be c red i tab le  a g a i n s t  t h e  four th  and f i f t h  l e a s e  bonus payments. 

I 

I 

' I n  July 1975, t h e  $6 b i l l i o n  Synthe t ic  Fuels  Amendment was added t o  t h e  ERDA 
appropriat ion a c t  and w a s  approved by t h e  U.  S .  Senate .  With t h i s  f e d e r a l  a s s i s t a n c e  
i n  the  o f f i n g ,  it looked l i k e  everything needed t o  move ahead with j o i n t  government- I indus t ry  f inancing would be a v a i l a b l e  f o r  t h e  f u l l - s i z e  Paraho module. 

p res ident  Ford v i s i t e d  Paraho 's  Anvil Poin ts  opera t ion  i n  August 1975 wi th  
Frank Zarb, Congressman Tim Wirth (Col0.-0) and Senator  Gary Hart (Co1o.-D). They 
toured t h e  mine and p l a n t ,  witnessed Paraho 's  a b i l i t y  t o  produce o i l  from o i l  s h a l e  
and were impressed. Pres ident  Ford reported favorably t o  t h e  media about t h e  s i z e ,  

"product ivi ty  and environmental a c c e p t a b i l i t y  of  Paraho' s opera t ion  and s t a t e d  t h a t  
o i l  s h a l e  must have a bigger  part i n  t h i s  c o u n t r y ' s  energy program. This  was before  
the  Energy Research and Development Adminis t ra t ion reac ted  t o  a l e g a l  t h r e a t  by an 
environmental is t .  
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I n  October 1975, ERDA decided t h a t  a new Environmental Impact Statement  would 
have t o  be prepared b e f o r e  Paraho could b u i l d  i t s  f u l l - s i z e  module a t  Anvil Points. 
This  would r e q u i r e  a t  l e a s t  a year  and was commenced immediately. 

I 
If 
I 
I 

I 

I n  November 1975, Paraho conducted a 26-day d i r e c t  f i r e d  run on t h e  semi-works 
r e t o r t .  This run, designed t o  confirm t h e  r e s u l t s  of  t h e  e a r l i e r  56-day run  and 
subsequent v a r i a b l e  s t u d i e s ,  was an outs tanding success .  
a t  e s s e n t i a l l y  100% on-stream time with high thermal e f f i c i e n c y  (87%) and exce l len t  
l i q u i d  y ie ld  (97% by volume of  F ischer  Assay C5+ o i l )  confirmed t h a t  t h e  Paraho 
d i r e c t  f i r e d  process  w a s  ready f o r  scale-up t o  t h e  f u l l - s i z e  module. This mode w i l l  
produce more than enough low Btu gas  t o  provide f u e l  f o r  t h e  process  and to  generate 
a l l  the e l e c t r i c i t y  requi red  t o  power and l i g h t  a commercial p l a n t .  

A very s t a b l e  opera t ion  

Two f e d e r a l  a c t i o n s  adverse t o  o i l  s h a l e  occurred i n  December 1975. One was 
t h e  defea t  of  t h e  $6 b i l l i o n  Synthe t ic  Fuels  Amendment i n  t h e  House of  Representatives. 
The o ther  w a s  t h e  passage of t h e  compromise 1975 Energy Pol icy  and Conservation Act 
which rolled-back the  p r i c e  o f  domestic crude o i l .  
occurred a t  a time when incent ives ,  r a t h e r  than  r e s t r a i n t s  were and still a r e  needed 
t o  encourage energy product ion and conservat ion.  

Unfortunately,  t h e s e  a c t i o n s  

On February 10 ,  1976, Paraho completed a 32-day run i n  t h e  i n d i r e c t  hea ted  mode. 
Operation i n  t h i s  mode, which of fered  t h e  p o t e n t i a l  of  higher  l i q u i d  y i e l d s  and the 
product ion of a high Btu gas ,  was one of the  o r i g i n a l  o b j e c t i v e s  of t h e  Paraho O i l  
Shale Pro jec t .  
98% and gas product ion of  850 s tandard cubic  f e e t  per  ton  conta in ing  865 Btu per  
cubic  f o o t  (dry b a s i s ) .  

Se lec ted  condi t ions  from t h e  run ind ica ted  a high l i q u i d  y i e l d  of 

It was n o t  a n t i c i p a t e d  when t h e  o b j e c t i v e  of  t e s t i n g  t h e  i n d i r e c t  mode was s e t  
t h a t  t h e  l i q u i d  y i e l d  on the  d i r e c t  mode would be a s  high a s  t h e  97% a c t u a l l y  ob- 
ta ined .  A l l  of  t h i s  o i l  i s  u s e f u l  product  because t h e  l a r g e  amount of  low Btu gas 
produced i n  t h e  d i r e c t  mode can be used t o  f u e l  t h e  process .  
mode it would be necessary t o  burn a s  f u e l  e i t h e r  t h e  high Btu gas  or some of  t h e  
o i l  produced. A p o t e n t i a l  b e n e f i t  of t h e  i n d i r e c t  heated mode is  t h e  product ion of 
a higher  q u a l i t y ,  lower pour p o i n t  crude sha le  o i l .  This  o i l  may be  s u i t a b l e  f o r  
p i p e l i n e  t ransmission without  l o c a l  upgrading or p r e r e f i n i n g .  
i n  investment and opera t ing  cost of p r e r e f i n i n g  would more t h a n  o f f - s e t  t h e  higher  
c o s t s  o f  i n d i r e c t  mode r e t o r t i n g .  El iminat ing l o c a l  p r e r e f i n i n g  a l s o  would el imi-  
na te  a major water consumer. 

I n  t h e  i n d i r e c t  heated 

I f  so,  t h e  sav ings  

A confirming i n d i r e c t  heated run was commenced i n  March 1976. During t h i s  run, 
a s e r i e s o f e v o l u t i o n a r y  changes i n  operat ing condi t ions  were made which reduced the 
h e a t  input  requi red  p e r  ton o f  s h a l e  thereby increas ing  thermal e f f ic iency .  

OBSERVATIONS 

Paraho 's  r e t o r t  performance exemplif ies  s i m p l i c i t y  i n  process  and mechanical 
design : 

1. 
2. 

3 .  
4 .  
5. 

I t  has  few moving p a r t s  and low cons t ruc t ion  and opera t ing  costs. 
I t  u t i l i z e s  counter-current  flow and g r a v i t y  t r a n s p o r t  without  r e q u i r i n g  
a s e p a r a t e  c i r c u i t  for s o l i d ,  hea t  car ry ing  bodies. 
The Paraho retort  consumes no water. 
The lumps of r e t o r t e d  s h a l e  it produces do n o t  c r e a t e  s e r i o u s  d u s t  problems. 
Retor ted s h a l e  management experiments demonstrate t h e  a b i l i t y  to  e a s i l y  
compact t h i s  m a t e r i a l  t o  a condi t ion  which i s  impermeable t o  water. Very 
l i t t l e  water is requi red  i n  r e t o r t e d  s h a l e  management. This  i s  pr imar i ly  
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for vegetating the surface of the retorted shale. 
Emissions of sulfur and nitrogen oxide and particulates have been found 
acceptable under the strict Colorado standards. 

carbon on the retorted shale, the Paraho direct heated process consumes 
much of it to fuel and power the process. On the other hand, the indirect 
mode produces a high Btu gas and a better quality oil. 
the direct and indirect mode may be the ultimate solution. 
Possible to fuel the combination mode by burning carbon on the retorted 
shale. This would liberate both the oil and the high Btu gas as useful 
Products. 

6. 

7. High thermal efficiences are attained. Rather than discard the residual 

A combination of 
It should be 

In anctipation of the May 31, 1976 Paraho Project completion date, the hvil 
Points mine was closed in December 1975 as sufficient rock was on hand to carry out 
the privately funded retorting program. 
March 31. 1976 unless additional funding is obtained. The equipment will be put in 
stand-by condition and the plant secured by April 30, 1976. All final reports will 
be issued by May 31, 1976 except for the Commercial Evaluation Study which will be 
ready for distribution by June 30, 1976. After analysis of the results of the re- 
torting program, a mode or modes of operation will be selected for the Commercial 
Evaluation Study. 
economic results obtained in this study. 
Paraho module at Anvil Points or at some other location would still be the next 
logical step toward commercialization. 

The retorts are scheduled to shut down on 

The advantages of the Paraho process will be reflected in the 
However, construction of a full-size 

WHAT NEEDS TO BE DONE NOW 

It is almost inconceivable, during this time of critical need for synthetic 
fuel development, that the only operating, large scale, successful oil shale re- 
torting project in the united States will be compelled to shut down upon completion 
of its privately funded program. Continued operation of the Anvil Points facilities 
would offer important benefits. Additional variable studies need to be performed 
to improve efficiency and optimize operating conditions. A second generation re- 
tort could result from additional work on the combination mode. Significant volumes 
of shaleoil could be produced. This crude shale oil would be extremely desirable 
for large scale refining and synthetic product testing programs over an extended 
period of time. 

Paraho is a small privately owned company which appears to have the answer for 
oil shale commercialization. It is operating at Anvil Points under a lease from 
the federal government in the presence of ERDA observers. It has been successful 
in accomplishing its initial objectives. Paraho does not fit into ERDA's highly 
structured methodology for developing and demonstrating technologies by making re- 
quests for ERDA'S conceived specific proposals. What is wrong with accepting pro- 
gress already made? Paraho has established by its accomplishments what should be 
an acceptable basis for initiating government financial support for continued oper- 
ation. 

Our national alternative to supplementing our domestic crude oil supply with 
shale oil production is to purchase more and more imported crude oil. 
would be made at higher and higher prices exporting both dollars and U. S. jobs. 
Under this alternate we willbecomemore and m r e  vulnerable to another oil embargo 
and less and less capable of maintaining a prosperous economy or of mustering an 
effective national defense. 

Such purchases 
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This nation must recognize that we have an energy shortage and that all accept- 
able forms of domestic energy development will fall short of meeting our needs, 
particularly for transportation fuels. New legislation must be passed to correct 
the adverse federal actions of December 1975. Federal non-recourse, guaranteed loans 
should be made available to help fund the building of full-size modules for oil shale. 
They are the best way to eliminate uncertainties relating to the production and eco- 
nomic acceptability of shale oil. Technologies already demonstrated by industry on 
a semi-works scale should qualify for such funding. 

After the module phase is completed, one or m r e  retorting technologies may be 
successfully demonstrated and be ready for commercial plant construction. Ten to 
twenty full-size retorts might be required for such a commercial plant. To justify 
moving into commercial mining, retorting, and upgrading, involving very high capital 
investments, an exception to the administered oil prices under the "Energy Bill" will 
be required. Industry needs to know now that a free market will exist in which crude 
shale oil and refined synthetic products can compete price-wise with imports. 

Conceding that our government needs to take a long look down the road to energy 
independence and help in developing technologies toward commercialization, it is 
still in this nation's best interest to encourage private industry to move through 
the profit system into the new technologies as they reach feasibility. The future 
conditions actually required to encourage commercialization by private competitive 
enterprise cannot be determined at this time. When such conditions do occur, if 
federal funding assistance is required, it should be available. Non-recourse guar- 
anteed loans may be needed to encourage the construction of the first group of com- 
mercial plants by industry and for socio-economic projects by the communities to be 
impacted by such commercial plants for which actual private commitments to build are 
made. 

Sam 
August 1976 

H. Pforzheimer 
Program DirectOK 
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DO0 SYNTHETIC FUELS R E D  PROGRAM 

L t .  L. A. Lukens 

U.S. Navy Energy and Na tu ra l  Resources R E D  O f f i c e  
Navy Department, Washington, DC 20360 

ABSTRACT 

The DO0 i s  now, and w i l l  remain so over  the  fo rseeab le  f u t u r e ,  ext remely de- 
pendent upon an adequate supply o f  pet ro leum products .  Th i s  dependency, when coupled 
w i t h  the po l i t i co -economic  and source a v a i l a b i l i t y  u n c e r t a i n t i e s  o f  conven t iona l  
pet ro leum suppl ies,  has l e d  the DO0 t o  seek a l t e r n a t i v e  sources o f  l i q u i d  hydrocarbon 
f u e l s .  The DO0 S y n t h e t i c  Fuels  R E D  Program i s  p r i m a r i l y  d i r e c t e d  towards o p t i m i z i n g  
t h e  p roduc t i on  o f  m i l i t a r y  s p e c i f i c a t i o n  f u e l s  f rom domestic sources o f  coa l ,  o i l  
shale,  and t a r  sands, and assess ing the s u i t a b i l i t y  o f  these f u e l s  f o r  s e r v i c e  use. 
To date, severa l  s y n t h e t i c  f u e l s  de r i ved  from coa l ,  o i l  shale, and t a r  sands have been 
examined. Over t h e  nex t  severa l  years,  t he  D O D ,  i n  cooperat ion w i t h  o t h e r  fede ra l  
agencies, p lans t o  con t inue  programs d i r e c t e d  towards t h e  p r o d u c t i o n  and u t i , l i z a t i o n  
o f  s y n t h e t i c  m i l i t a r y  f u e l s .  Only through t h i s  e f f o r t  w i l l  the m i l i t a r y  departments 
be a b l e  t o  keep pace as an informed customer w i t h  t h e  development o f  n a t i o n a l  syn- 
t h e t i c  f u e l s  indust ry-an i n d u s t r y  which w i l l  p r o v i d e  a v i a b l e  a l t e r n a t i v e  t o  ou r  
present  and ever i nc reas ing  dependence upon imported o i l .  
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Net Energy  Analysis of Oil  Shale Systems 

By D r .  Kenneth P.  Maddox 

Colorado School of Mines  Resea rch  Institute 
P. 0. Box 1 1 2 ,  Golden, Colorado 80401 

Introduction 

Net energy  ana lyses  of th ree  shale-oil-producing sys t ems  have been con- 
ducted. The  presenta t ion  of these  ana lyses  is divided into seve ra l  pa r t s .  F i r s t  
the methodology i s  outlined, next p rocess  descr ip t ions  a r e  given, and a f t e r  that 
resu l t s  a r e  l i s ted  and compar isons  a r e  made  with conventional energy-producing, 
sys tems.  Then a d iscuss ion  of the r e su l t s  follows, and conclusions a r e  drawn, 
The final section d e s c r i b e s  some  uses  of net energy  analysis in decision-making. 

Methodology 

Fue l  s y s t e m s  generally can b e  divided into s teps .  F o r  the  purpose  of this 
analysis seven  s t eps ,  o r  modules ,  were  chosen. The  seven s teps  a re :  (1)  Ex-  
traction, (2)  T r a n s p o r t  I ,  ( 3 )  P r o c e s s ,  (4)  T r a n s p o r t  11, ( 5 )  Conversion I ,  (6 )  
Conversion 11, and ( 7 )  Distribution. 
although the re  may be  minor  variations of format  f rom one sys t em to another.  

' 

A l l  sys t ems  follow the s a m e  genera l  sequence 

An ana lys is  of a mul t i - s tep  fuel sys t em reduces  to the combination of 
analyses of individual modules.  
displays the impor tan t  fea tures  of modular  analysis.  
dynamics is observed--Ein=Eout .  A l s o ,  energy der ived  f rom and used within the 
sys tem is always in te rna l  to the module. These  precautions reduce one problem 
assoc ia ted  with ene rgy  ana lyses ,  construction of sys t em boundaries.  

The d i ag ram of one module of a fuel sys t em (Fig. 1 
The f i r s t  law of thermo-  

Energy input cons is t s  of two p a r t s ,  P r inc ipa l  Energy  and Externa l  Energy. 
Externa l  Energy i s  the sum of P r inc ipa l  Energy is the  p r i m a r y  energy input. 

fuels,  e lec t r ic i ty ,  and  of the energy embodied in ma te r i a l s  which a r e  purchased 
o r  "imported" f r o m  energy  sys t ems  other than the  one being analyzed. 

The  energy  "backup" needed to de l iver  Externa l  Energy m u s t  be  considered 
T h i s  is  diagrammed to  fully account f o r  energy  dra in  f r o m  other  energy  sys t ems .  

a s  ascending h igher  o r d e r s  of Externa l  Energy .  
used to compute the  h igher  -o rde r  energy inputs. 
f rom economic input-output data ( l )  were  applied to ma te r i a l  do l la r  cos t s ,  after 
appropriate deflation to the base  year  of 1967. 
f o r  each m a t e r i a l  input without employing tedious calculations.  

Two different methods  have been 
Conversion fac tors  developed 

T h i s  method is the  bes t  available 
However,  for  fuels 
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and e lec t r ic i ty  the  a l te rna t ive  of i t e ra t ion  combined with empir ica l ly  der ived  approxi- 
mations a t  o r  above o r d e r  th ree  i s  used .  
flexible, than the application of conversion f ac to r s  s imi l a r  to  those used for mater ia l  
energy  equivalents.  

This  a l te rna t ive  i s  m o r e  p rec i se ,  and 

Energy  P roduc t  and Energy Loss compr i se  Eout. Energy  Product  is  defined 

Energy LOSS 
as the ma jo r  energy  f o r m  produced by the module,  plus other energy  produced f o r  
outside distribution, p lus  the energy equivalent of sa lab le  byproducts. 
h a s  been divided into th ree  p a r t s .  Phys ica l  Loss i s  the sum of l o s ses  of the P r i n c i p a l  
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Energy  input due to spil lage,  leakage, d i sposa l  of was te  ma te r i a l s ,  etc.  In te rna l  
Consumption i s  the  energy  r equ i r ed  f rom Pr inc ipa l  Energy  to provide hea t  o r  power 
f o r  the p r o c e s s .  Normally th i s  i s  the 
s u m  of the ex te rna l  energy  inputs. I n  s o m e  c i r cums tances ,  however,  an external 
energy input will be  incorpora ted  in the Energy  P roduc t ,  e .g .  additives to p e t r o -  
leum products .  

The  th i rd  l o s s  category is Externa l  Loss. 

Modules a r e  combined s imply  by adjusting the Energy Product  of one module 
to equal t he  P r inc ipa l  Ene rgy  of the  following module,  and so on. 
requi res  a cor responding  change in  the Externa l  Energy ,  the Energy  Loss, '  and the 
Pr inc ipa l  Energy  of the  modules  in  the fue l  sys t em.  
sys tem,  a sequential  combination of seven modules,  a r e :  (1 )  P r inc ipa l  Ene rgy- -  
the initial P r inc ipa l  Energy  input to  the sys t em,  ( 2 )  Externa l  Energy-- the  sum of 
Externa l  Ene rgy  inputs of each  normal ized  module, ( 3 )  Energy Loss- - the  sum of 
Energy  Loss  outputs of each  module,  and (4 )  Energy  P roduc t - - the  final 'Energy 
Product  output p lus  the s u m  of byproduct ene rg ie s  of each module. 

This automatically 

Finally,  to ta l s  for the fuel 

P r o c e s s  Descr ip t ion  

One difficulty with ana lyses  of synthetic fue l  p r o c e s s e s  is the absence of 
commerc ia l  data.  In th i s  ana lys i s ,  the bes t  available da ta  is used. However, in- 
format ion  p resen ted  h e r e  should b e  viewed a s  probable,  not ac tua l ,  characterization 
of oil sha le  p r o c e s s e s .  

The  th ree  o i l  sha l e  re tor t ing  sys t ems  studied a r e  the Bureau  of Mines Gas 
Combustion Retor t ,  t he  TOSCO I1 Retor t ,  and the Union B Retor t .  Because the  data 
f o r  each p r o c e s s  a r e  calculated averages ,  and because  it is not r ea l i s t i c  to draw 
f ine  distinctions among o i l  sha le  p r o c e s s e s  without f u r t h e r  information, the results 
wi l l  not b e  spccifically identified with each  p rocess .  Rather ,  the l e t t e r s  A, B, and 
C (not corrksponding to  the o r d e r  l isted above) will b e  used to  identify resu l t s .  

Bureau  of Mines Gas  Combustion Retor t  

The  Bureau  of Mines  G a s  Combustion Retor t  fea tures  d i r ec t  heating of shale 
by hot combustion gases  f r o m  pa r t i a l  burning within the  r e to r t .  
g ram is shown in  f igure  2 .  
quently, incoming sha le  is f i r s t  p rehea ted  and then re tor ted ,  while a i r  en te r ing  the 
r e to r t  is  hea ted  p r i o r  to combustion by hot spent sha le  a s  it ex i t s .  

A schemat ic  d i a -  
The  flow of sha le  and gas is countercur ren t .  Conse-  

The  Gas Combustion Re to r t  has ,  f r o m  an energy  efficiency standpoint, 
advantages and d isadvantages .  It makes  use of carbon remain ing  on the spent shale 

I 

af te r  kerogen i s  pyro l ized ,  and the sensible heat of both spent sha le  and combustion 
gases  is  wel l  uti l ized. However,  the F i s c h e r  Assay oil  yields (82-8770) a r e  lower than 
f o r  other types of r e t o r t s ;  and the Gas Combustion Retor t  cannot handle finely crushed 
ma te r i a l  without briquett ing,  which adds to  capital  and opera t ing  costs (and therefore  
to energy use) .  I 

I 

I 

I 

I 

I TOSCO I1 Retor t  

T h e  TOSCO I1 Retor t  ( F i g .  2)  t r ans fe r s  hea t  f rom hot (1200°F)  c e r a m i c  
balls to finely c r u s h e d  r aw oil  sha le .  
(950°F) ;  and the c e r a m i c  ba l l s  a r e  recycled and heated by gas recovered  f rom the 

20 
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r e to r t ,  a s  i s  the incoming raw shale.  

Advantages of the  TOSCO I1 Re to r t  a r e :  high o i l  and gas  yields (as high a s  
108 pe rcen t  of F i sche r  Assay) ;  high-Btu gas,  s ince  the re  i s  no dilution f r o m  com-  
bustion within the  r e to r t ;  d i r ec t  re tor t ing  of fine shale,  even dust.  

Disadvantages a r e :  chemica l  potential  of r e s idua l  carbon i s  not recovered;  
the r e to r t  is mechanically complex, with many moving p a r t s ;  sha le  m u s t  be finely 
crushed, which adds to process ing .  

Union B Retor t  

The Union B Retor t  (F ig .  2 )  u s e s  externally heated recyc led  g a s  to pyro l ize  
oil  shale.  
to heat the o ther ,  which i s  then re turned  to the  r e to r t .  
move sha le  f rom bottom to top of the r e to r t .  The re  i s  no combustion in the r e to r t .  
The Union B r e t o r t  yields up to 100 percent  of F i s c h e r  Assay  and produces  a high- 
Btu gas.  It i s  r a the r  s imple  mechanically.  However, the r e s idua l  carbon on the 
spent sha le  i s  not utilized; and there  i s  l i t t le sens ib le  heat r ecove ry ,  e i the r .  

The product gas f rom the r e t o r t  is spli t ;  and one p a r t  of the gas is burned  
A rock  pump is used  to 

The  fuel sys t ems  studied in these ana lyses  produce two different f inal  energy  
fo rms-  -gasoline and e lec t r ic i ty .  
f rom oi l  shale ex t rac ted  by underground mining, c rushed  and r e to r t ed  aboveground, 
refined a t  o r  nea r  the plant s i te ,  pipelined 300 mi l e s ,  and d is t r ibu ted  by t ruck  70 
mi l e s .  The t ranspor ta t ion  mi leages  and re f inery  type a r e  cha rac t e r i s t i c  of the 
Rocky Mountain region. Oi l  sha le  e l ec t r i c  sys t ems  a r e  based on  underground e x -  
t rac t ion ,  aboveground crushing  and re tor t ion ,  generation a t  o r  near  t he  plant s i te ,  
and 150-mile t ransmiss ion .  
sha le  sys t ems  in refining, product type, and t r anspor t  d i s tances .  

The o i l  sha le  gasoline sys t ems  produce  gasoline 

Conventional pe t ro leum sys t ems  co r re spond  to the o i l  

Resul t s  and Discussion 

Tables  1 and 2 display r e su l t s  f o r  the net energy  ana lys i s  of t h r e e  o i l  sha le  
It can be seen  f r o m  Table 1 that (with cu r ren t  technology) m o r e  ex te rna l  sys t ems .  

energy is requi red  to produce  100 energy  units of gasoline f r o m  oil  sha l e  p r o c e s s e s  
than f r o m  conventional pe t ro leum sys t ems .  Fu r the rmore ,  the  p r o c e s s  l o s s e s  f o r  
oil  shale a r e  higher than for pe t ro leum.  
is low, i. e .  unrecovered  r e source  i s  high; and consequently the s u m  of l o s s e s  and 
unrecovered r e source  fo r  oil  shale is comparable  to  tha t  fo r  pe t ro leum.  
ex terna l  l o s ses  and p rocess  lo s ses  fo r  o i l  sha le  converted to e lec t r ic i ty  are higher 
than f o r  petroleum electricit?;  but the sums  of l o s ses  and unrecovered  r e source  
a r e  comparable.  

However, the init ial  r ecove ry  of pe t ro leum 

Simi la r ly ,  

The  ana lyses  of o i l  shale sys t ems  (and  of conventional pe t ro leum)  a r e  based 
on commerc ia l  o r  nea r -commerc ia l  cu r ren t  technology. N o  a t tempt  h a s  been made  
to es t imate  the potential  of t e r t i a ry  o i l  r ecove ry ,  of subsequent ex t rac t ion  of shale 
mine p i l l a r s ,  o r  of improvements  i n  re tor t ing  efficiency. Compar isons  incorpor - 
ating such changes requi re  additional s tud ies .  

Three  questions which appropriately concern the public and the i r  r e p r e s e n t -  
atives in business and in government a r e :  

21 
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How much  energy  is produced by o i l  sha le  sys t ems  
compared  to the amount necessa ry  to  opera te  the sys t em?  

How efficient are the p r o c e s s e s  of o i l  sha le  sys t ems?  

How wel l  do o i l  sha le  sys t ems  use  na tu ra l  r e s o u r c e s ?  

These  basic questions r equ i r e  many modifications,  additions, and explanations t o  
respond fully to a l l  the concerns  voiced by in te res ted  pa r t i e s .  
a r e  valid, and can b e  answered  generally in the  following ways.  First, o i l  sha l e  
sys t ems  deliver much m o r e  energy  than they r equ i r e  f r o m  other  sou rces .  
producing sys t ems  provide 6 -8 t imes  the  amount they use ,  while sha le  -e lec t r ic  
sys t ems  deliver 4-6 t imes  a s  much  energy a s  they consume. 
efficiencies f o r  an  o i l  sha le  sys t em a r e  typically 50-6Wo. considerably l e s s  than 
the efficiency of a pe t ro leum sys t em (approximately 80%). 
duce 100 units of output are m o r e  than th ree  t imes  as much f o r  sha le  as fo r  pe t ro leum.  
P r o c e s s  lo s ses  a r e  p r imar i ly  due to re tor t ing ,  and a t  the p re sen t  t i m e  different 
re tor t ing  methods va ry  l i t t l e  in overa l l  efficiency. Thi rd ,  o i l  sha le  s y s t e m s  make  
as good use  of na tura l  r e s o u r c e s  as do present -day  pe t ro leum s y s t e m s ;  but ne i ther  
oil  sha le  recovery  nor pe t ro leum recove ry  is high; and it appea r s  tha t  e f for t s  m o r e  
fully to ex t rac t  our  finite fos s i l  fuels a r e  essent ia l .  

Never the less ,  they 

Gasol ine-  

Second, p r o c e s s  

P r o c e s s  l o s s e s  to  p r o -  

Conclusion 
Net energy ana lyses  offer valuable information on energy-producing s y s t e m s  

and can be helpful in focusing attention on concerns  about u s e  of finite na tura l  f u e l  
r e sources .  
tools - e .  g. economic ana lys i s ,  t echnica l  feasibil i ty,  envi ronmenta l  study, soc i a l  
impact  planning. Poten t ia l  applications include selection of p r io r i t i e s  f o r  r e s e a r c h  
and development, a id  to energy policy planning, identification of conserva t ion  goals 
for  end use  consumption, de te rmina t ion  of potential  improvements  i n  the  energy 
process ing  and delivery sys tem,  and contribution t o  dec is ions  about r e s o u r c e  manage-  
ment  and environmental  effects.  

Net energy  ana lys i s  supplements o the r  planning and decision-making 

One example may  i l lus t ra te  the u s e  of net energy  ana lys i s .  Suppose that it 
is necessary  to provide space  heating on  a l a rge  sca l e  (pe rhaps  to  rep lace  dwindling 
sources  of na tura l  gas ) .  
E i the r  r e source  may  be su r face  o r  underground mined. 
o r  fu r the r  converted to e lec t r ic i ty .  
(highly unlikely), liquefied, gasified, burned in a s t eam-e lec t r i c  power  plant,  o r  
perhaps  converted v ia  magnetohydrodynamics.  
in fo rced -a i r  o r  water - rad ian t  sys t ems ,  while e lec t r ic i ty  m a y  b e  used  fo r  d i r ec t -  
radiant heating o r  to power hea t  pumps .  Is there  a bes t  option o r  a bes t  s e t  of options 
among these many possibil i t ies? 
requi re  leas t  "energy support" f r o m  existing energy  s y s t e m s ?  Which a r e  mos t  p r o c -  
ess efficient (and thus  pe rhaps  l e a s t  likely to produce  unfavorable impacts )?  
can improvements in each sys t em b e  made ,  and how l a rge  a r e  the potential  effects 
of improvements? 
analysis.  

Assume the available r e s o u r c e s  a r e  o i l  sha le  and coal. 
O i l  sha le  m a y  b e  liquefied 

Coal may be  burned  d i rec t ly  f o r  space  heating 

At end use  the fue ls  m a y  be burned  

Which ones produce l eas t  r e s o u r c e  impact?  Which 

Where 

These  a r e  all questions which can  b e  answered  using net energy  

Net energy ana lys i s  can be employed a t  the m i c r o  leve l  o r  at the  m a c r o  leve l ;  
i. e. the importance of a n  analysis may  be  i t s  de ta i l  of an energy sys t em,  o r  the 
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cen t r a l  question may  b e  a l a rge - sca l e  compar ison  of a l te rna t ives .  
ana lys i s  w i l l  provide both p rocess  specifics and s u m m a r y  aggregations.  

A comprehensive 

Many assumpt ions  concerning energy  sys t em p r o c e s s e s  and r e source  -related 
var iab les  la rge ly  affect  net  energy  ana lyses .  However, difficult ies compar ing  one 
ana lys i s  with another o r  applying r e su l t s  to different questions can be  overcome if 
investigators a r e  careful t o  list the i r  assumptions,  to  explain the i r  methodologies,  
and to define the i r  s t r o p e s  of study. 
tha t  the reader  can de te rmine  for  himself how appropr ia te  a study is to h i s  needs.  

Net energy  ana lys i s  should be p re sen ted  so 

Net energy ana lys i s  is a useful tool which can and  should be used to a id  those 
involved in questions of energy  supply and demand. 
supplements,  o ther  planning inputs. 
a t  things. 
It is a good addition to  t h e  decision-making p r o c e s s .  

It does not supplant, bu t  r a the r  
New problems often r equ i r e  new ways  of looking 

Net energy ana lys i s  is one new way of looking at  energy  supply and demand. 

- 1 / Herendeen and Bul la rd  1 9 7 4  
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MECHANISMS HELPING TO HEAT OIL-SHALE BLOCKS 

John Ward Smith and Donald R. Johnson 

U . S .  Energy Research and Development Adminis t ra t ion 
Laramie Energy Research Center ,  Laramie, Wyoming 82071 

INTRODUCTION 

O i l  s h a l e  rubble  p i l e s ,  l i k e  those  c r e a t e d  i n  t h e  v e r t i c a l  modified 
i n - s i t u  combustion process  pioneered by Occidenta l  O i l  Shale ,  I n c . ,  o r  
those pos tu la ted  i n  P r o j e c t  Bronco, c o n s i s t  of  o i l - s h a l e  b locks  of a s s o r t e d  
s i z e s .  
problem u n t i l  work i n  t h e  Laramie Energy Research Center ' s  l a r g e  s c a l e  ba tch  
combustion r e t o r t s  showed t h a t  temperatures  high enough t o  evolve s h a l e  o i l  
were a t t a i n e d  completely through b locks  weighing s e v e r a l  t o n s  (L-?)l. 
Although some anomalously high rates of temperature  i n c r e a s e  i n  s h a l e  b locks  
during combustion r e t o r t i n g  have been r e p o r t e d  (L,?) and explana t ions  f o r  
these  high r a t e s  a t tempted (2,2), t h e  high r a t e s  appear too  r a p i d  f o r  ready 
explanat ion.  However, some mechanisms do o p e r a t e  t o  he lp  h e a t  o i l - s h a l e  
blocks and evolve t h e i r  s h a l e  o i l .  Three s e p a r a t e  mechanisms a r e  i d e n t i f i e d :  
(1) thermal  e x f o l i a t i o n  of  t h e  s h a l e ;  (2)  gas evolu t ion  a s s i s t i n g  and 
augmenting t h e  e x f o l i a t i o n ;  and (3 )  combustion of l i g h t  decomposition 
products from t h e  organic  mat te r  i n  t h e  o i l  s h a l e .  Exis tence  of each of 
these  i s  demonstrated and t h e i r  combined e f f e c t s  a r e  evaluated.  

Heat ing t h e s e  b locks  through t o  produce t h e i r  o i l  seemed a formidable  

EXPERIMENTAL 

Thermal Expansion and E x f o l i a t i o n  

ERDA's Laramie Energy Research Center developed appara tus  t o  measure 
t h e  thermal expansion and e x f o l i a t i o n  e f f e c t s  on o i l  s h a l e  i n  r e l a t i o n  t o  
temperatures .  The appara tus ,  t o  be  descr ibed  i n  d e t a i l  e lsewhere,  c o n s i s t s  
of a p o s i t i o n  t ransducer  suspended from one end of a beam and a s t a i n l e s s  
s t e e l  pad suspended from t h e  o t h e r .  The beam, supported on a k n i f e  edge 
a t  its c e n t e r  l i k e  a ba lance  beam, i s  f r e e  t o  move. I n  o p e r a t i o n  t h e  s t a i n -  
less s teel  pad r e s t s  on t h e  f l a t t e n e d  f a c e  of  an o i l - s h a l e  specimen prepared 
a s  a c y l i n d r i c a l  c o r e  about  1/2-inch I n  diameter  and 1-1/2 i n c h e s  long.  The 
pad conta ins  a thermocouple f o r  measuring t h e  sample temperature .  
on t h e  beam i s  a d j u s t e d  t o  p lace  a smal l  load  (0.5 t o  1 gm) on t h e  core t o  
maintain c o n t a c t  between t h e  c o r e  and t h e  pad. 
during h e a t i n g ,  t h e  pad is moved which moves t h e  p o s i t i o n  t ransducer  t o  
generate  a corresponding e l e c t r i c a l  s i g n a l .  

Weight 

A s  t h e  sample l e n g t h  changes 

The sample r e s t s  on t h e  bottom of a plat inum tube  equipped wi th  a gas  
e x i t  tube  running up i t s  s i d e  from t h e  lower corner .  A gas i n l e t  i s  a t t a c h e d  
a t  the  top of t h e  sample chamber, p e r m i t t i n g  c o n t r o l l e d  flow of a s e l e c t e d  
gas  around t h e  sample. 
provides  t h e  complete atmosphere c o n t r o l  s o  v i t a l l y  necessary  t o  o i l - s h a l e  

A b e l l  j a r  over  t h e  beam c l o s e s  t h e  system and 

1 Underlined numbers i n  parentheses  r e f e r  t o  items i n  t h e  l i s t  of r e f e r e n c e s  
a t  t h e  end of t h i s  r e p o r t .  
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thermal s t u d i e s  (7). The sample chamber is surrounded by a furnace  t h a t  
provides  r a p i d  and uniform h e a t  t r a n s f e r  t o  t h e  sample. The h e a t i n g  rate 
of t h e  furnace  i s  programmable. This  arrangement i s  very s imi la r  t o  t h e  
s imultaneous DTA-TG-EGA appara tus  developed f o r  o i l - s h a l e  s tudy  a t  t h e  
Laramie Energy Research Center (A). 

Thermal expansion p l o t t e d  wi th  temperature  is shown i n  F igure  1 f o r  

The sample was 
an o i l - s h a l e  specimen cored perpendicular  t o  t h e  bedding p lanes  from a 
1-foot Mahogany zone sample y i e l d i n g  35 g a l l o n s  p e r  ton.  
run i n  a n i t r o g e n  atmosphere and w a s  heated a t  t h e  r a t e  of 10" C.  p e r  minute. 

Severa l  expansion e v e n t s  a r e  recorded i n  Figure 1. 
began t o  i n c r e a s e  i n  l e n g t h  a s  h e a t i n g  began. The i n i t i a l  l engthening  
probably e x p r e s s e s  t h e  l i n e a r  expansion of t h e  organic  matter i n  t h e  o i l  
s h a l e ,  undoubtedly many t i m e s  (-20) l a r g e r  than  t h e  minera l  expansion. 
In 35 g a l l o n  p e r  t o n  o i l  s h a l e  t h e  organic  matter represents  about  40 volume 
percent  of t h e  r o c k  (6). 
due t o  expansion of  t h e  organic  mat te r ,  t h e  organic  matter's expansion 
c o e f f i c i e n t  is about  3.4 x 
l a r g e  l i n e a r  expansion is on t h e  o r d e r  of b u t  somewhat smaller than  va lues  
i n  t h e  same temperature  range repor ted  f o r  a s p h a l t  and p a r a f f i n .  
it i s  not  an unreasonable  va lue .  I ts  v a l i d i t y  is l i m i t e d ,  however, by 
p o s s i b l e  i n c l u s i o n  of e f f e c t s  from t h e  thermal  event  which o c c u r s  next .  

The sample apparently 

I f  t h e  length  i n c r e a s e  between 50° and 100' C. is  

This  r a t h e r  length  per  u n i t  l ength  p e r  'C. 

Consequently 

The thermal  expansion t r a c e  (F igure  1) shows t h a t  very r a p i d  lengthen- 
ing occurs  through t h e  temperature  i n t e r v a l  190' t o  225" C .  
t h i s  sample had reached 225' C. it had increased  i t s  length  by about  8 percent. 
This e longat ion  is  accompanied by sharp  i r r e g u l a r i t i e s  i n  t h e  t r a c e .  These 
i r r e g u l a r i t i e s  are real, express ing  equipment response t o  sudden events ,  
t h e  development of f i s s u r e s .  Visua l  examination of  a core sample hea ted  
through t h i s  tempera ture  i n t e r v a l  and then cooled r e v e a l s  numerous f i s s u r e s  
approximately p a r a l l e l  t o  t h e  bedding planes.  

Two f a c t o r s  c o n t r i b u t e  t o  development of t h e s e  f i s s u r e s  i n  t h e  temper- 
a t u r e  range from 190" t o  225' C. The primary mechanism is f a i l u r e  due t o  
thermal stress. This  r e q u i r e s  some explana t ion .  Oil-shale  c o r e s  perpendi- 
c u l a r  t o  t h e  bedding  p lanes  cu t  many i n d i v i d u a l  beds. 
l a r g e  amounts o f  organic  mat te r  and some conta in  r e l a t i v e l y  small amounts. 
Organic-rich l a y e r s  w i l l  e longate  much more r a p i d l y  than organic-poor layers .  
I f  t h e s e  l a y e r s  happen t o  be  ad jacent  i n  t h e  sample,a  s t r e s s  i s  developed. 
Weak p lanes  f a i l  suddenly, popping t h e  s h a l e  a p a r t .  The p a r t i n g s  are rarely 
completely a c r o s s  t h e  specimen because t h e  stress i s  r e l i e v e d  by p a r t i a l  
f a i l u r e .  The second f a c t o r ,  t h e  r e l e a s e  of combustible gases ,  is t r e a t e d  
l a t e r .  Howeverpi t  d e f i n i t e l y  c o n t r i b u t e s  t o  t h e  lengthening and t o  t h e  
uneven l e n g t h  t r a c e .  

By t h e  t ine 

Some c o n t a i n  r e l a t i v e l y  

Above 225" C. a per iod  of l i t t l e  length  i n c r e a s e  appears ,  a lmost  as i f  
a l l  t h e  s i g n i f i c a n t  stress had been re leased .  Above 300" C .  a s teady  and 
gradual  length  i n c r e a s e  aga in  occurs .  
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A t  about 400" C. t h e  organic  mat te r  begins  t o  decompose r a p i d l y .  
From 400" C. u n t i l  about 485" C. t h e  sample aga in  shows r a p i d ,  i r r e g u l a r  
length increase .  By t h e  t i m e  i t  reached 485" C .  t h i s  core  had lengthened 
by almost 14  percent .  Gas development is t h e  predominant f o r c e  producing 
t h i s  lengthening.  
much of i t s  p h y s i c a l  competence, so evolv ing  gases  push some organic- t ied  
l a y e r s  a p a r t .  

I n  t h i s  tempera ture  range t h e  organic  matter l o s e s  

When decomposition of t h e  organic  mat te r  is completed at about  485" C. 
(Figure 1) a d d i t i o n a l  h e a t i n g  produces l i t t l e  length  i n c r e a s e .  Between 
485' C. and 1000' C.  t h i s  sample increased  i n  length  by only  1.1 p e r c e n t .  
Decomposition of dolomite  and c a l c i t e ,  which occurred i n  t h i s  tempera ture  
range, produced no s i g n i f i c a n t  length  change, e i t h e r  i n c r e a s e  o r  decrease .  

GAS EVOLUTION AND COMBUSTION 

O i l  s h a l e  is very  s e n s i t i v e  t o  t h e  presence of oxygen d u r i n g  hea t ing .  
Smith and Johnson (1) used thermal  a n a l y s i s  t o  e v a l u a t e  t h i s  e f f e c t .  
2,  3, and 4 are e x t r a c t e d  from t h a t  paper  which g ives  a d e t a i l e d  d i s c u s s i o n  
of applying thermal  a n a l y s i s  t o  s tudy  of o i l  s h a l e  and o t h e r  s o l i d  f u e l s .  
Descr ipt ion of t h e  appara tus  and t h e  c o n d i t i o n s  of t h e s e  runs  are given 
t h e r e  (z). 
TG (thermogravimetry) behavior  of  o i l  s h a l e  heated i n  an i n e r t  atmosphere. 
The sample begins  t o  l o s e  weight a t  about  200" C . ,  b u t  i t s  r e a c t i o n s  are 
a l l  endothermic. I n  F igure  3 o i l  s h a l e  is hea ted  i n  air .  S e n s i t i v i t y  w a s  
cut  by a f a c t o r  of 5 and t h e  sample s i z e  w a s  reduced t o  about 1 / 3  t o  keep 
t h e  exotherms on t h e  c h a r t .  The two exortherms peaking a t  about  330' C.  
and 430" C. are due t o  combustion of t h e  organic  m a t t e r  i n  two s e p a r a t e  
phases, t h e  second of which is burn ing  of carbon coke. 
ends t o  evolve h e a t  d e f i n i t e l y  occurred by t h e  t i m e  t h e  programmed h e a t i n g  
curve reached ZOOo C. 

F igures  

F igure  2 shows t h e  DTA ( d i f f e r e n t i a l  thermal  a n a l y s i s )  and 

Combustion of l i g h t  

O i l  s h a l e  hea ted  i n  an a t m s p h e r e  conta in ing  only  1 percent  a i r  
(0.2 percent  oxygen) shows s i g n i f i c a n t  h e a t  product ion from o x i d a t i o n  of 
organic  matter. F igure  4 shows DTA and TG t r a c e s  f o r  such a run .  S e n s i t i -  
v i t y  and sample s i z e  are back t o  those  used i n  F igure  2 .  Heat from combustion 
of l i g h t  organic  f r a c t i o n s  i s  be ing  produced below t h e  200" C .  p o i n t  of  t h e  
temperature  program even though t h e  oxygen supply is very small. Two 
exotherms a r e  genera ted  by o i l  s h a l e  hea ted  i n  atmospheres c o n t a i n i n g  20 per-  
cent  o r  0.2 percent  oxygen, a l though t h e i r  i n t e n s i t i e s  decrease  wi th  smaller 
oxygen concent ra t ions .  The important  po in t  is t h a t  t h e  o i l  s h a l e  produces 
s i g n i f i c a n t  h e a t  by oxida t ion  even a t  very low oxygen l e v e l s .  

DISCUSSION 

Oil-shale  specimens not  on ly  expand dur ing  h e a t i n g  b u t  show two s e p a r a t e  
temperature  zones of f r a c t u r i n g .  Although t h e  behavior  of on ly  one sample 
i s  shown (Figure  l), o t h e r  o i l  s h a l e s  e x h i b i t  similar behavior .  This  
f r a c t u r i n g ,  o c c u r r i n g  under no load i n  t h e s e  experiments ,  w i l l  a l s o  occur 
i n  a n  o i l - s h a l e  rubble  p i l e .  I n  a rubble  p i l e  t h e  s h a l e s  are s u b j e c t e d  t o  
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p o i n t  loads.  A t  o t h e r  l o c a t i o n s  on a block t h e  s h a l e  is f r e e  t o  expand 
and f r a c t u r e  i n t o  surrounding void space under e s s e n t i a l l y  no l o a d .  

The two s e p a r a t e  zones of r a p i d  expansion with f r a c t u r i n g  a r e  p a r t i -  
c u l a r l y  important  t o  h e a t i n g  of o i l  s h a l e .  This  i s  g r a p h i c a l l y  demonstrated 
by comparing the temperature  l o c a t i o n s  of t h e  o x i d a t i o n  exotherms i n  Figures 
3 and 4 with  t h e  tempera ture  l o c a t i o n s  of  t h e  r a p i d  expansion. 
(which occur  i n  any atmosphere) c o i n c i d e  wi th  combustion exotherms i n  an 
oxygen-bearing atmosphere. I n  a d d i t i o n  t h e  expansion t r a c e  i n  F igure  2 
shows t h a t  i n  t h e s e  zones of rap id  expansion t h e  c o r e  both expands and 
c o n t r a c t s .  During expansion t h e  surrounding atmosphere, oxygen-bearing i n  
combustion-based processes ,  is sucked i n t o  t h e  core ,  then  e x p e l l e d  with 
t h e  c o n t r a c t i o n s .  This  a u t o m a t i c a l l y  provides  oxygen and expels  combustion 
products .  The combustion i t s e l f  may provide some atmosphere exchange. By 
burning r a p i d l y  t h e  gases  may be unable  t o  t r a n s f e r  h e a t  r a p i d l y  t o  t h e  
surrounding o i l  s h a l e .  Gas p r e s s u r e  capable  o f  e x p e l l i n g  t h e  remaining 
combustion products  would b u i l d .  
g radual ly  h e a t i n g  t h e  surrounding rock.  
oxygen-bearing gas .  

Expansions 

The remaining gas  would then c o o l  by 
This  would draw i n  a d d i t i o n a l  

In a d d i t i o n  to  t h e  h e a t  e f f e c t s  i n s i d e  t h e  block,  t h e  combust ible  
gases  evolv ing  from t h e  s h a l e  w i l l  t r a v e l  o u t  from t h e  b lock .  They have 
been observed evolv ing  and burning a long  f i s s u r e s  i n  o i l - s h a l e  blocks.  
Such combustion a t  t h e  block s u r f a c e  provides  h e a t  t o  t h e  block and its 
immediate atmosphere. 

A f t e r  r e t o r t i n g  i s  completed, t h e  carbon r e s i d u e  is d i s t r i b u t e d  
throughout t h e  s h a l e  b lock .  
has  shrunk by 90 percent  (?), t h e  spent  s h a l e  i s  now porous. The carbon 
r e s i d u e  is a v a i l a b l e  f o r  burning i f  oxygen can reach i t .  
produced by h e a t i n g  t h e  o i l  s h a l e  provides  a c c e s s  r o u t e s  which h e l p  oxygen 
d i f f u s e  i n t o  t h e  spent  s h a l e .  

Because t h e  o r i g i n a l  organic  volume f r a c t i o n  

The f i s s u r i n g  
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Exp los i ve  R u b b l i z a t i o n  o f  In S i t u  O i l  Shale Re to r t  Beds 

W i l l i a m  J. C a r t e r  

U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Alamos S c i e n t i f i c  Laboratory  
Los Alamos, New Mexico 87545 

I n t roduc t i on :  

A number o f  t e c h n i c a l ,  environmental,  economic and P o l i t i c a l  problems remain t o  
be solved be fo re  in situ e x t r a c t i o n  of hydrocarbons from oil  sha le  depos i t s  becomes 
a p r a c t i c a l  r e a l i t y  ( I ) .  O f  all the t e c h n i c a l  problems, perhaps the most chal leng- 
i ng  i s  t h a t  o f  p r e p a r i n g  t h e  resource bed on t h e  massive sca le  and w i t h  the  con t ro l  
and p r e c i s i o n  r e q u i r e d  f o r  commercial e x p l o i t a t i o n .  A l though the  requirements are 
not  yet f u l l y  def ined,  i t  i s  g e n e r a l l y  agreed t h a t  a proper ly-prepared i n  situ o i l  
shale r e t o r t  would have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

a )  The p a r t i c l e  s i z e  d i s t r i b u t i o n  achieved by the  process should peak i n  the 
range o f  t h a t  r e q u i r e d  f o r  maximum e x t r a c t i o n  e f f i c i e n c y .  
t i c s  and process s t u d i e s  p laces  t h i s  range as r o u g h l y  5-50 cm, w i t h  t h e  peak around 
IO cm. 

Current  chemical kine- 

b) Void d i s t r i b u t i o n s  i n  bo th  the  h o r i z o n t a l  and v e r t i c a l  sense must be uni- I 
form i n  o rde r  t o  ach ieve  a s t a b l e  f lame f r o n t  and a v o i d  channeling. 

m c) The p e r m e a b i l i t y  o f  t h e  r e s u l t a n t  r u b b l e  p i l e  must be s u f f i c i e n t  t o  support 
p y r o l y s i s  and a l l o w  removal o f  r e t o r t e d  products .  

d) F ines produced i n  t h e  r u b b l i z a t i o n  process must be min imal ,  bo th  t o  avoid 
p lugg ing  t h e  pores through which the  gases and o t h e r  products  must move and t o  
maximize t h e  e f f i c i e n c y  o f  t h e  r u b b l i z a t i o n  event. 

e) The r u b b l i z e d  volume must be w e l l  de f i ned ,  w i t h  maximum r e s i d u a l  w a l l  and 
r o o f  i n t e g r i t y  i n  o r d e r  t o  p rov ide  r e t o r t  s t a b i l i t y ,  containment o f  combustion pro- 
ducts, sa fe ty  f o r  workers i n  ad jacen t  areas, and maximum u t i l i z a t i o n  o f  the re -  
source. 

f) The economics o f  t he  process must be favo rab le .  

Obviously, t h e  f i n a l  r e s u l t  must be a compromise between t h e  i d e a l  and that  
which i s  achievab\e.  A t  present ,  chemical e x p l o s i v e s  appear t o  be t h e  most 
f e a s i b l e  method f o r  ach iev ing  these goals ,  but  p resen t  b l a s t i n g  technology i s  
c e r t a i n l y  n o t  s u f f i c i e n t l y  well-advanced t o  guarantee any success o f  t h e  event, 
much less  t e c h n i c a l  and economic o p t i m i z a t i o n .  m 

For t h i s  reason, the Los Alamos S c i e n t i f i c  Labora to ry  and Sandia Laborator ies 
have j o i n t l y  under taken a bas i c  research program, under the  auspices o f  the Energy 
Research and Development Admin i s t ra t i on ,  aimed a t  producing a c o n t r o l l e d ,  p red ic t -  
ab le,  and o p t i m i z e d  breakage p a t t e r n  i n  western, o r  Green River ,  o i l  shale. The 
work o f  Los Alamos i s  p r e s e n t l y  d i r e c t e d  p r i m a r i l y  toward the  mod i f i ed  in situ tech- 
nology, i n  which v o i d  space and f r e e  faces can be c rea ted  by conven t iona l  mining 
operat ions,  a l t hough  the  r e s u l t s  w i l l  be a p p l i c a b l e  t o  des ign  o f  t r u e  in s i t u  oper- 
a t i o n s  as we l l .  T h i s  i s  a long-term and c o n t i n u i n g  program which w i l l  i n v o l v e  a 
cons iderable e f f o r t  b o t h  i n  t h e  l a b o r a t o r y  and t h e  f i e l d .  T h i s  r e p o r t  i s  therefore 
intended o n l y  t o  i n d i c a t e  the  d i r e c t i o n  o f  t h e  program and t h e  long- term goals. 
However. t h e  impor tance o f  t he  program t o  the  even tua l  success o f  in s i t u  technology 
makes i t  d e s i r a b l e  for chemical and process eng ineers  t o  be aware o f  t h e  d i f f i c u l -  
t i e s ,  p o s s i b i l i t i e s ,  and achievements o f  research  o n  the  bed p repara t i on  problem. 

(1 
' 

'I 
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Program Out1 ine: 

The labo ra to ry  phase o f  t h e  program f a l l s  i n t o  t h r e e  c l e a r l y  d e f i n e d  bu t  
c I ose l  y r e l a t e d  ca tegor ies :  

a) Measurement o f  m a t e r i a l  p r o p e r t i e s  o f  o i l  shale.  The Los Alamos e f f o r t  i s  
concentrated on measurement o f  p r o p e r t i e s  o f  t he  sha le  sub jec ted  t o  h i g h  s t r a i n  r a t e  
loading such as i s  encountered i n  an e x p l o s i v e  event. Wave propagat ion c h a r a c t e r i s -  
t i c s ,  such as Hugoniots and wave p r o f i l e s  on shock and re lease,  a r e  measured i n  
o rde r  t o  determine the  s t r e s s  f i e l d .  T h i s  s t r e s s  f i e l d  must then be r e l a t e d  t o  t h e  
dynamic f a i l u r e  sur faces and t h e  k i n e t i c s  o f  t h e  f r a c t u r e  process. 
these dynamic m a t e r i a l s  p r o p e r t i e s  i s  a program which i s  w e l l  advanced. 

Measurement o f  

b) Measurement o f  non-ideal e x p l o s i v e  behavior .  D e t a i l e d  knowledge o f  the 
de tona t ion  c h a r a c t e r i s t i c s  o f  ANFO and o t h e r  commercial exp los i ves  i s  r e q u i r e d  i n  
o rde r  t o  d e f i n e  the i n i t i a l  c o n d i t i o n s  o f  t h e  expanding s t r e s s  waves i n t o  t h e  o i l  
shale. T a i l o r i n g  o f  t h e  e x p l o s i v e  impulse t o  the  response o f  t he  rock  i s  a l s o  an 
eventual  goal which should r e s u l t  i n  reduced f i n e s  around t h e  borehole and en- 
hanced energy t r a n s f e r  t o  the  f a r - f i e l d  reg ion.  
gases i n  propagat ing r a d i a l  cracks i s  a l s o  a sub jec t  o f  i n t e r e s t .  T h i s  work i s  
p r e s e n t l y  underway. 

The e f f e c t  o f  expanding e x p l o s i v e  

c) Computer model ing. Lagrangian and E u l e r i a n  hydrodynamic computer codes a r e  
being used t o  synthes ize t h e  m a t e r i a l s  and e x p l o s i v e  p r o p e r t i e s  i n t o  a coherent  
p i c t u r e  of  the event. I d e a l l y ,  t h e  codes cou ld  be used bo th  as a des ign t o o l  f o r  
shot l ayou t  and as a p r e d i c t i v e  t o o l  f o r  shot  o p t i m i z a t i o n .  A s e r i e s  o f  f i e l d  
t e s t s  s p e c i f i c a l l y  designed f o r  t e s t i n g  the  p r e d i c t i v e  c a p a b i l i t y  o f  the codes a r e  
requ i red  be fo re  t h e  codes can be used w i t h  conf idence.  These t e s t s  c o n s t i t u t e  a 
major p a r t  o f  t he  l a t t e r  stages o f  t h e  program. 

Resul ts  t o  Date: 

I n  t h e  f i r s t  few months o f  t h e  program, a t t e n t i o n  has been d i r e c t e d  p r i m a r i l y  
toward propagat ion c h a r a c t e r i s t i c s  of t h e  s t r e s s  waves r a t h e r  than t h e  dynamic 
f r a c t u r e  p r o p e r t i e s  o f  t he  ma te r ia l .  A t  low pressures, t h i s  i s  a p a r t i c u l a r l y  com- 
p l e x  problem because o f  t h e  a n i s o t r o p i c  na tu re  o f  t h e  m a t e r i a l  and i t s  non - l i nea r  
response t o  dynamic s t resses.  F igu re  1 shows t h e  us-up Hugoniots i n  the  pressure 
reg ion  o f  50-200 kb o f  o i l  shales o f  v a r y i n g  d e n s i t y  o b t a i n e d  from e x p l o s i v e  ex- 
periments on small  samples. T h i s  pressure range i s  t h a t  which would be experienced 
i n  the  n e a r - f i e l d  r e g i o n  around a borehole,  and l i e s  j u s t  below t h e  s l u g g i s h  but  
large-volume phase t rans fo rma t ion  i d e n t i f i e d  i n  do lomi te.  The Hugoniot  of a m a t e r i a l  
i s  t he  locus o f  thermodynamic e q u i l i b r i u m  s t a t e s  a t t a i n a b l e  by a s i n g l e  shock a long  
which t h e  energy i s  known, a l t hough  no t  constant ,  and i s  fundamental t o  t h e  sc ience 
o f  shock wave phys ics (2). Here, us i s  t h e  v e l o c i t y  o f  propagat ion of t h e  shock 
f r o n t ,  and up i s  t h e  assoc ia ted  m a t e r i a l ,  o r  p a r t i c l e ,  v e l o c i t y .  The shock v e l o c i -  
t i e s  were measured by high-speed smear cameras which recorded the  t r a n s i t  t imes 
through small  samples, and the  p a r t i c l e  v e l o c i t i e s  were determined by impedance 
matching aga ins t  an aluminum a l l o y  standard. The f a m i l y  o f  Hugoniots  shows a w e l l -  
def ined sequence from t h e  low d e n s i t y ,  o r  h i g h  kerogen con ten t ,  samples t o  t h e  h i g h  
d e n s i t y  samples. 
v e l o c i t y - p a r t i c l e  v e l o c i t y  p lane  t o  the  p r e s s u r e - r e l a t i v e  volume p lane by use o f  t he  
Rankine-Hugoniot conse rva t i on  r e l a t i o n s ,  which r e q u i r e  e q u i l i b r i u m  f o r  t h e i r  v a l i d i t y .  
The s o l i d  l i n e s  on these p l o t s  a r e  n o t  f i t s  t o  the  data,  b u t  r a t h e r  c a l c u l a t i o n s  
based on a s imple m i x i n g  theo ry  known t o  be g e n e r a l l y  v a l i d  f o r  m i x t u r e s  o f  non- 
r e a c t i n g  components. The Hugoniots and thermodynamic parameters f o r  t he  end members 
o f  pure kerogen and t h e  l ean  rock  m a t r i x  must be known. 
the  work on do lomi te  by Grady, et a l .  (3) and from e x t e n s i v e  shock wave work on  rocks 
and m ine ra l s  and on polymers performed a t  Los Alamos i n  the  past  (4,5). 

F igu re  2 shows these k inemat i c  da ta  t ransformed from t h e  shock 

These have been ob ta ined  from 

I t  i s  
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evident  t h a t  t he  t h e o r e t i c a l  Hugoniots a r e  q u i t e  adequate t o  reproduce the  data, 
and t h a t  Hugoniots o f  o i l  sha le  w i t h  a r b i t r a r y  kerogen con ten t  can now be c a l c u l a -  
t ed  w i t h  confidence. 
t heo r ies  such as t h a t  o f  Mie-Gr ine isen must be used t o  c a l c u l a t e  t h e  equat ion Of  

s t a t e  E ( P , V )  o f f  t h e  Hugoniot ,  such as a long  an i sen t rope  o r  isotherm. Samples 
were a l s o  f i r e d  w i t h  v a r y i n g  o r i e n t a t i o n  o f  t he  shock wave t o  t h e  bedding planes, 
and no s i g n i f i c a n t  o r i e n t a t i o n  e f f e c t s  have been found a t  these h i g h  pressures. 
Experiments a r e  underway t o  determine wave an iso t ropy  a t  lower pressures,  where 
those e f fec ts  should be l a r g e r .  

These Hugoniots inc lude the  e f f e c t  of shock hea t ing ,  and 

I n  o rde r  t o  e s t a b l i s h  t h e  i n i t i a l  low p ressu re  response o f  o i l  sha le  t o  bo th  
s t a t i c  and dynamic s t resses ,  a program t o  determine t h e  e l a s t i c  constants  a t  ze ro  
pressure as a f u n c t i o n  o f  kerogen content  has been under taken (6). The sha le  has 
been t rea ted  w i t h  t h e  model o f  a t ransve rse l y  i s o t r o p i c  m a t e r i a l ,  a reasonable 
aSSUmptiOn i n  view o f  t h e  bedded na tu re  o f  t h e  m a t e r i a l .  Pulse-echo techniques 
were used t o  determine t r a n s v e r s e  and l o n g i t u d i n a l  sound v e l o c i t i e s  as func t i ons  o f  
o r i e n t a t i o n  i n  smal l ,  c a r e f u l l y  prepared samples. The r e s u l t s  a r e  shown i n  F igu re  
3,  where V I ,  V3: and V 5  a r e  l o n g i t u d i n a l  v e l o c i t i e s  p a r a l l e l ,  pe rpend icu la r ,  and 
4 5 O  t o  the  bedding p lanes and V4 and V 6  a r e  shear v e l o c i t i e s  p a r a l l e l  to  t he  
bedding w i t h  p a r t i c l e  mot ions pe rpend icu la r  and p a r a l l e l  t o  the bedding respec t i ve l y .  
From these f i v e  q u a n t i t i e s ,  t h e  va r ious  mechanical p r o p e r t i e s  o f  o i l  sha le  such as 
e l a s t i c  modul i ,  b u l k  modulus, and Poisson 's  r a t i o  a r e  r e a d i l y  o b t a i n a b l e  as func- 
t i o n s  o f  dens i t y  o r  kerogen content .  The d i s c o n t i n u i t y  i n  s lope  observed f o r  a l l  
the sound v e l o c i t i e s  a t  a d e n s i t y  s l i g h t l y  above 2.0 g / c d  i s  t e n t a t i v e l y  a t t r i b u t e d  
t o  the  f a c t  t h a t  below t h i s  d e n s i t y  the rock p a r t i c l e s  f l o a t  more o r  l e s s  d i s c r e t e l y  
i n  a m a t r i x  o f  kerogen and t h e  p r o p e r t i e s  o f  t he  kerogen l a r g e l y  determine the  
e l a s t i c  p r o p e r t i e s  o f  t h e  sha le .  A t  h ighe r  d e n s i t i e s ,  t he  rock  p r o p e r t i e s  p lay  a 
more important r o l e .  We i n t e n d  t o  con t inue  such measurements under a h y d r o s t a t i c  
environment up t o  pressures o f  about IO kb. 

Gas guns, w i t h  bo res  ranging i n  d iameter  from 2" to 6". a r e  being used f o r  
d e t a i l e d  study o f  low-pressure wave p r o f i l e s  b o t h  on l oad ing  and re lease  w i t h  t h e  
expec ta t i on  t h a t  these p r o f i l e s  w i l l  have an impor tant  e f f e c t  on f r a c t u r e  k i n e t i c s .  
There i s  good reason t o  b e l i e v e  t h a t  t h e  h i g h  e x p l o s i v e  p r o p e r t i e s  can be tuned t o  
take advantage o f  t h e  dynamic response o f  t h e  s h a l e  i n  t h i s  p ressu re  range, as 
evidenced by these p r o f i l e s ,  and thereby promote d e s i r a b l e  f r a c t u r e  c h a r a c t e r i s t i c s  
(7 ) .  
t y p i c a l  d iagnos t i cs  used i n  these experiments. Other q u a n t i t i e s  amenable t o  
measurement us ing these techniques i nc lude  a t t e n u a t i o n  parameters, low pressure 
Hugoniots and dynamic s p a l l  s t reng ths .  
performed, a l t hough  d i s c u s s i o n  o f  them i s  as y e t  premature. As an example o f  t h e  
k i n d  o f  experiment which can be u s e f u l  i n  d e f i n i n s  t h e  f r a c t u r e  c h a r a c t e r i s t i c s  of  
o i l  shale, F igu re  4 shows t h e  v e l o c i t y  o f  t h e  f r e e  s u r f a c e  o f  an o i l  sha le  sample 
as a f u n c t i o n  of t i m e  when t h e  m a t e r i a l  i s  sub jec ted  t o  a p lane  impact s t r e s s  of  
about 5 kb. This  reco rd  was ob ta ined  us ing  t h e  dc c a p a c i t o r  technique,  i n  which a 
t h i n  m e t a l l i c  c o a t i n g  i s  p laced on t h e  f r e e  su r face  and the  t ime  r a t e  of change o f  
capacitance between t h e  f r e e  s u r f a c e  and a charged p a r a l l e l  p l a t e  i s  moni tored.  
I n t e r n a l  tens ion due t o  t h e  r a r e f a c t i o n s  sends a s i g n a l  which w i l l  decrease the 
f ree  surface v e l o c i t y  and which can be d i r e c t l y  r e l a t e d  t o  the  t e n s i l e  s t r e s s  
necessary t o  cause s p a l l  f r a c t u r e .  I n  t h i s  experiment, t h e  bedding planes were 
a l i gned  a long the d i r e c t i o n  o f  shock propagat ion.  
n a t i o n  of  s p h e r i c a l  charges i n  meter-s ize b locks  of o i l  shale w i t h  pressure and 
p a r t i c l e  v e l o c i t y  gages t o  mon i to r  wave p ropaga t ion  and f l a s h  x rad iography t o  v iew 
c a v i t y  format ion and n e a r - f i e l d  behavior .  
ments, o f  course, i s  t o  sma l l - sca le  f i e l d  events  which w i l l  t e s t  o u r  a b i l i t y  t o  
p r e d i c t  the breakage p a t t e r n  r e s u l t i n g  from any g i v e n  e x p l o s i v e  c o n f i g u r a t i o n ,  a 
p r e r e q u i s i t e  t o  o p t i r n i z a t  i on .  

Pressure gages, magnet ic  probes, p i n s ,  and f r e e - s u r f a c e  c a p a c i t o r  gages a r e  

Many o f  these exper iments have a l ready been 

Other  exper iments i n c l u d e  deto-  

The l o g i c a l  ex tens ion  o f  these exper i -  
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I n  Order t o  demonstrate a q u a n t i t a t i v e  understanding o f  t h e  m a t e r i a l  response 
obta ined by experiment, e f f o r t s  a r e  underway t o  model the r e s u l t s  o f  t h e  one- 
dimensional experiments desc r ibed  above. Large-two dimensional Lagrangian and 
Eu le r ian  hydrodynamic codes o r i g i n a l l y  used f o r  weapons e f f e c t s  c a l c u l a t i o n s  have 
been modi f ied t o  a l l o w  for p l a s t i c  an i so t ropy ,  aga in  assuming t r a n s v e r s e  i so t ropy .  
These codes a re  also be ing  used f o r  des ign and a n a l y s i s  o f  the l a r g e - b l o c k  e x p e r i -  
ments mentioned e a r l i e r .  T h i s  work i s  w e l l  underway, but d e t a i l e d  d i s c u s s i o n  o f  
t he  r e s u l t s  would be premature. Success o f  t h e  codes i n  p r e d i c t i n g  t h e  r e s u l t s  o f  
a la rge-scale r u b b l i z a t i o n  e f f o r t  in t h e  f i e l d  w i l l  be t h e  t e s t  o f  o u r  q u a n t i t a t i v e  
understanding of t h e  p h y s i c a l  processes i nvo l ved  i n  b l a s t i n g .  

Sumnary: 

Since the  program i s  s t i l l  i n  i t s  in fancy.  u s e f u l  r e s u l t s  t o  d a t e  a r e  ve ry  
p re l im ina ry  and t h i s  paper i s  intended o n l y  as a program review. Even tua l l y .  
t h e r e  must be c l o s e r  c o l l a b o r a t i o n  between those concerned w i t h  e x t r a c t i o n  
e f f i c i e n c y  and those who can s e t  t h e  a t t a i n a b l e  l i m i t s  on the p r o p e r t i e s  o f  t he  r e -  
t o r t  bed. I t  i s  hoped t h a t  t h e  r e s u l t s  o f  t h i s  s tudy w i l l  have a favo rab le  i n -  
f luence on dec i s ions  a f f e c t i n g  t h e  f u t u r e  u t i l i z a t i o n  o f  t h e  o i l  sha le  resource. 
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THE FISCHER ASSAY,,A STANDARD METHOD? 

Robert N. Heistand 

Development Engineering, Inc. 
P.O. Box A ,  Anvil Points 
Ri f le ,  Colorado 81650 

M r .  Heistand, on loan from Sun O i l  Company, is the 
ch ief  chemist fo r  the  Paraho O i l  Shale Demonstration. 
D.E.I.  is the  operator of t h e  demonstration being 
conducted a t  ERDA’s Anvil Poin ts  Experimental Station. 
The f a c i l i t y  i s  located on the  U . S .  Naval O i l  Shale 
Reserve near Rifle,  Colorado. 

INTRODUCTION 

The Fischer assay i s  not a standard ana ly t ica l  procedure. 
I t  does not  produce quant i ta t ive  values such as  the  weight percent 
nickel i n  a s t a i n l e s s  steel or t he  ppm mercury i n  water. Rather, 
t h e  Fischer assay is a performance test such a s  the  octane number 
of motor f u e l s  or t he  t ens i l e  s t rength  of f ibers .  Because it i s  
an assay -- a performance t e s t  -- the  da ta  obtained a r e  qu i t e  
dependent upon the  test procedure. Variances i n  the  t e s t  procedures, 
permitted i n  the  widely accepted USBM Fischer assay method, do cause 
s ign i f i can t  d i f fe rences  i n  the da ta  obtained. 

HISTORY OF THE FISCHER ASSAY 

The Fischer assay had i t s  o r ig ins  i n  the  ear ly  low- 
temperature coa l  r e to r t ing  research o r  Franz Fischer and Hans 
Schrader(’). However, our  present concern is with the USBM 
procedure a s  described i n  de t a i l  by S tanf ie ld  and Frost  and 
Hubbard i n  Bureau of Mines Reports of Investigations 4477 and 
6676 (2.3). The main d e t a i l s  of the USBM procedure a r e  shown i n  
Figure 1. Many of the d e t a i l s  a r e  no longer followed by labora tor ies  
doing Fischer assays (some a re  no longer followed by the  USBM ( 4 ) ! ) .  

attempting to use t h i s  procedure. The suggested apparatus, 
pa r t i cu la r ly  the  cast-aluminum r e t o r t ,  i s  the  major source of 
problems. The softening point of the  aluminum a l loy  i s  qui te  c lose  
t o  the  suggested r e t o r t i n g  temperature and the  s e a l  of t he  plug 
and r e t o r t  is not per fec t .  A diagram of the  USBM apparatus is 
shown i n  Figure 2 .  We use these U.S.B.M. r e t o r t s  i n  our laboratory.  
By carefu l ly  cont ro l l ing  the  r e t o r t  temperature through the  use 
of continuous cont ro l  and proportional hea t  (5), t he  problem of 
t h e  r e t o r t  melting has been lessened. 
t o  obviate t h e  softening and leakage problems. 
shown i n  Figure 3,  is constructed of steel. The head is fastened 
with four s t e e l  studs.  
and adjacent t o  the  r e t o r t  a s  shown. The overa l l  configuration of 
t h e  TOSCO r e t o r t  i s  similar t o  the  USBM r e t o r t .  The Core Laboratories 
r e t o r t  ( 7 ) ,  shown i n  Figure 4 ,  i s  a l so  constructed of s t e e l .  The 
cap i s  threaded on. 
from the USBM system. Ten of these r e t o r t s  a r e  placed i n  an oven 
with a s ing le  temperature cont ro l le r .  The Core Laboratories r e t o r t  
systems requi re  much l e s s  space than the  TOSCO or USBM. 
modifications,  TOSCO, and Core, a r e  designed t o  duplicate data 

The USBM Fischer assay presents  many problems t o  ana lys t s  

Two r e t o r t s  have been developed 
The TOSCO r e t o r t  (6) 

Thermocouples a r e  placed both i n  the  r e t o r t  

The Core r e t o r t  represents a d ra s t i c  change 

Both 
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obtained by the  USBM procedure. Because of problems with t h e  USBM 
apparatus, a standardized modification is c l ea r ly  needed. 

do indeed d i f f e r .  This difference is  i l l u s t r a t e d  i n  Table I. 
A sample of r a w  sha le  was carefu l ly  blended and r i f f l e - s p l i t  i n to  
2 1 / 2  lb. packages f o r  use as  a standard i n  our laboratory.  The 
mean r e s u l t s  from t en  r ep l i ca t e s  of t h i s  standard a r e  shown. The 
four labora tor ies  a r e  not necessarily those mentioned previously. 
These da ta ,  I f e e l ,  show t h a t  the  Fischer assay is  not a standard 
method - 

Fischer assay r e su l t s ,  obtained from various labora tor ies ,  

VARIANCE OF FISCHER ASSAY DATA 

Without studying each labora tory ' s  procedures i n  d e t a i l ,  

However, s tud ies  made i n  our laboratory show t h a t  modifications 
it is impossible t o  determine the  causes of v a r i a b i l i t y  shown i n  
Table I .  
i n  the Fischer assay, many permitted i n  the  USBM procedure, do have 
an e f f e c t  on the  data.  

d i f f e ren t  e f f e c t s  on the  o i l  yield.  F i r s t ,  it seems t h a t  o i l  shale 
r icher  i n  organics is more r e s i s t en t  t o  crushing than leaner 
shales. Thus, a s  shown i n  Table 11, the  o i l  y i e ld  tends t o  increase 
with increasing p a r t i c l e  s i ze  (decreasing mesh s i z e ) .  Thus, neither 
lumps nor f ines  may be decarded. Careful s p l i t t i n g  (without loss 
of dust)  must always be used t o  obtain a va l id  sample. 
such a s  needed t o  obtain the  100.0 grams recornended i n  the  USBM 
procedure, may not be representative.  

The o t h e r e f f e c t t h a t  p a r t i c l e  s i z e  has on o i l  y i e ld  a s  
shown i n  Table 111. Here the  same or ig ina l  samples were reduced by 
grinding to smaller p a r t i c l e  s ize .  Again, the  y ie ld  decreases 
with decreasing p a r t i c l e  s ize .  In t h i s  case, t he  cause i s  not c lear .  
N o  apparent degradation, o r  p a r t i a l  r e to r t ing ,  seemed t o  occur with 
grinding. 

I n  order t o  obviate e f f ec t s  of mesh s i z e  of Fischer assay 
data,  t h e  following a re  recmended:  

Mesh Size. The p a r t i c l e  s i z e  of t he  sample has two 

Grab samples, 

(1) 
( 2 )  M a s s  reduction should be by r i f f l e  s p l i t t i n g .  
(3) Samples should be ground t o  uniform, standard mesh 

Neither la rge  pieces nor f i n e  dus t  may be discarded. 

s ize .  

Temperature. In the USBM procedure, t he  temperatures 
of t h ree  components are defined. 
the condenser, and, of course, t he  r e t o r t .  

Fischer assay i n  defining the  gas-liquid s p l i t  ( the  condensation 
of gaseous vapors i n t o  l iqu ids)  the  temperature of t he  receiver 
has a pronounced e f f ec t  on o i l  yields.  
where the  temperature of t he  receiver ranged from 20°F t o  100°F. 
Changing from the  prescribed 32OF t o  the  pemissable  100°F does 
a f f ec t  t he  o i l  yield.  An i ce  bath, recommended by Atwood (6) 
seems bes t  su i ted  f o r  cont ro l l ing  the  receiver temperature. 

The temperature of t he  condenser is l i s t e d  as 32 5 9% 
i n  t he  USBM procedure. Yet, the  condenser has no e f f ec t  on the  o i l  
y ie ld  data: any o i l  escaping t h e  receiver and condensed i n  the  
condenser w i l l  not be measured. Because of t he  l o w  pour poin t  
of crude sha le  o i l ,  t h i s  material  w i l l  remain on the  condenser walls 
and not be weighed with the receiver and adapter. 
our laboratory have shown t h a t  removing the  condenser from the  

These componenets a r e  the  receiver,  

Since temperature is the cont ro l l ing  fac tor  of t h e  

This is shown i n  Table I V  

Studies i n  
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system has had no e f f e c t  on the  Fischer assay data.  
condenser can be eliminated. 

shown i n  Figure 5. This is a s t r ip-char t  recording from our 12- 
pos i t ion  bench. 
procedure produced low r e s u l t s  as shown in  Table V. Increased t i m e  
does not appear t o  increase the  o i l  yield.  The e f f e c t  of increased 
temperature cannot be studied using the aluminum USBM r e t o r t .  I t  
has been suggested ( 8 )  t h a t  t he  location of the  thermocouple w e l l  
(beneath the  spout) i s  poor. Truer readings and be t t e r  cont ro l  can 
be achieved i f  the  thermocouple is located a t  t he  bottom center  or 
r e a r  of the r e t o r t .  This pos i t ion  would be s i m i l a r  t o  t h a t  suggested 
by Atwood (6) . 
by various temperature f luc tua t ions ,  t he  following a r e  recomended: 

Perhaps the  

The suggested time-temperature p r o f i l e  of t h e  r e t o r t  i s  

Fa i lure  t o  reach t h e  932OF prescribed i n  the  USBM 

I n  order t o  obviate e r ro r s  i n  Fischer assay data caused 

(1) 

(2 )  The condenser be eliminated. 
(3) The temperature of t he  r e t o r t  be carefu l ly  cont ro l le r  

The temperature of t he  receiver be controlled by 
an i c e  bath. 

with thc suggested relocation of the  themcouples to 
the  r ea r  of t he  r e t o r t .  

FISCHER ASSAY mTERNATES 

With the  uncer ta in t ies  i n  the  Fischer assay data,  t he  
c a p i t a l  cos t s  i n  fabr ica t ing  a Fischer assay bench, the  la rger  
laboratory space required, and the  long time needed t o  complete 
t h e  test, it is no wonder t h a t  severa l  a l t e rna t ives  fo r  the  Fischer 
assay have been proposed in  recent years. 
are l is ted i n  T a b l e  V I .  Pulsed NMR (9) is used t o  measure the 
organic hydrogen content of shale.  Direct organic carbon, by 
cont ro l led  combustion, eliminates e f f e c t s  of the  inorganic 
carbonates (10).  Thermal chromatography(l1) and laser-chromatography 
(12) r e l a t e  o i l  y ie lds  t o  the  concentration of cer ta in  hydrocarbon 

releasedby heating. 
advantages, most su f f e r  from the  following disadvantages: 

Some of these a l t e rna t ives  

Although each of these a l t e rna t ives  has ce r t a in  

(1) 
(2)  Instrument cos ts  a r e  s imi la r  t o  those of a Fischer 

(3) Sample s i z e  are s m a l l .  This requi res  addi t iona l  sample 

(4 )  

They o f f e r  l i t t l e  o r  no improvement i n  precision. 

bench. 

preparation time and trouble.  
They a re  used t o  measure only o i l  y ie lds  whereas the  
normal Fischer assay measures o i l  y i e ld  (ga l / ton) ,  
water y ie ld  (ga l / ton) ,  gas + Loss ( w t % ) ,  spec i f i c  
grav i ty  o f  t h e  o i l ,  and coking tendency of the shale.  

STANDARD FISCHER ASSAY 

In  s p i t e  of t he  d i f fe rences  i n  procedures and t h e  
var ia t ions  i n  the  da ta  obtained, t he  Fischer assay seems destined 
t o  be the  standard f o r  the o i l  sha le  industry. 
procedure of fe r red  t o  da te  is completely sa t i s fac tory .  With t h i s  
i n  mind, t he  ASTM Committee D-2 on Petroleum Products and Lubricants 
has formed a subcommittee t o  solve the aforementioned inconsistencies 
and crea te  a standard Fischer assay. In our laboratory,  w e  await the 
r e s u l t s  -- a standard Fischer assay t e s t  procedure! 

N o  a l t e rna t ive  
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COMPOSITIONAL DIAGRAMS: A METHOD 
FOR INTERPRETATION OF FISCHER ASSAY DATA 

V. Dean A l l r e d  

Denver Research Center, Marathon O i l  Company 
L i  ttl eton , Colorado 801 20 

BACKGROUND 

O i l  sha le can be b road ly  c l a s s i f i e d  as a m i x t u r e  o f  two major  components, t h a t  i s  o r -  
ganic and ino rgan ic  de r i ved  mat ter .  I n  t h e  Green R i v e r  o i l  shales t h e  o rgan ic  p o r t i o n  
i s  u s u a l l y  the minor  cons t i t uen t ,  b u t  may be p resen t  i n  q u a n t i t i e s  v a r y i n g  f r o m  about  
zero t o  as g rea t  as 50 we igh t  percent  w i t h i n  ve ry  smal l  v e r t i c a l  i n t r a v a l s ,  i .e.,  
t h e  varves which d e f i n e  t h e  bedding planes i n  t h e  deposi t .  Obviously because o f  such 
va r ia t i ons ,  sampling and sample p repara t i on  a r e  ext remely impor tan t  i f  r e p r e s e n t a t i v e  
assay data are obtained. However, a ma jo r  p o i n t  t o  be made i n  connect ion w i t h  t h i s  
paper i s  t h a t  w i t h i n  any g iven assay sample t h e  o rgan ic  concen t ra t i on  probably  v a r i e s  
q u i t e  w ide ly  f o r  t h e  i n d i v i d u a l  sha le  a r t i c E .  
f o r  t he  o b s e r v a t i o n t h a t  as a b r m e h e .  t h e  D v r o l v t i c  decomDosition seems 

S t a t i s t i c a l l y  t h i s  probably  accounts 

t o  take  p lace t o  form v o l a t i l e  products  and o rgan ic  resjdue" on the  py'rolyzed s h a l e  i n  
constant  p ropor t i ons  and independent o f  t h e  i n o r g a n i c  m a t t e r  concentrat ion.  

The commonly accepted techn i  ue f o r  c h a r a c t e r i z i n g  o i l  sha le  i n  the  U. S. i s  t he  
Mod i f i ed  F ischer  Assay (MFA)?l). Assay da ta  f rom t h i s  technique a re  u s u a l l y  r e p o r t e d  
i n  terms o f  t he  v o l a t i l e  components as: o i l  y i e l d ,  wa te r  y i e l d ,  and gas p l u s  l oss .  
The r e t o r t e d  sha le  ( o f t e n  c a l l e d  spent sha le )  i s  o f t e n  omi t ted.  However, i t  can be 
accu ra te l y  rees tab l i shed  s i n c e  i t  i s  the  d i f f e r e n c e  between 100 we igh t  pe rcen t  and 
the v o l a t i l e s .  I n t e r e s t i n g l y  the weight  f r a c t i o n  o f  r e t o r t e d  shale i s  p o s s i b l y  t h e  
most accu ra te l y  determined assay q u a n t i t y  s i n c e  i t  i s  done g r a v i m e t r i c a l l y  and does 
n o t  i n v o l v e  condensation, separat ion,  and d e n s i t y  determinat ions as do t h e  l i q u i d  
products. For t h i s  reason the  r e t o r t e d  sha le  ( o r  i t s  analog, the t o t a l  v o l a t i l e s )  
should be o f  g r e a t  va lue i n  making c o r r e l a t i o n s  w i t h  MFA data. I n  t h i s  paper these 
types o f  data a r e  used t o  e s t a b l i s h  r e l a t i o n s h i p s  between t h e  o i l  y i e l d ,  t he  t o t a l  
o rgan ic  mat ter ,  and t h e  organic  res idue  remain ing on t h e  r e t o r t e d  shale.  

COMPOSITIONAL DIAGRAMS 

The "composi t ional  diagram" (CD)  i s  a u s e f u l  t o o l  f o r  v i s u a l l y  e v a l u a t i n g  o i l  sha le  
assay data -- p a r t i c u l a r l y  t h e  r e l a t i o n s h i p  o f  o i l  y i e l d  t o  the  t o t a l  o rgan ic  m a t t e r  
and the  organic  res idue  l e f t  on r e t o r t e d  shales.  
development o f  t h e  CD p l o t  i nvo l ves  o n l y  s imp le  m a t e r i a l  balances, and s t r a i g h t  f o r -  
ward assumptions t h a t  i no rgan ic  decomposit ion i s  smal l  and t h e  r a t i o  o f  t he  p roduc ts  
t o  t o t a l  organic  m a t t e r  i s  n o t  concen t ra t i on  dependent and remains cons tan t  f o r  a 
g iven assay procedure as fo l l ows :  

The b a s i c  concepts used i n  the  

1. Ma te r ia l  Balances: 

a. Raw shale:  

o rgan ic  ('t) + i n o r g a n i c  ( Y i )  = 100 w t  % 

b. Re to r ted  shale: 

v o l a t i l e s  ('v) + r e t o r t e d  shale ('s) = 100 w t  % 

2. Py ro l ys i s  Mechanism: 

a. Organic m a t t e r  
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Organic ('t) 4 Yolatiles ('v) t Organic Residue ('r) 3)  

volati les ('v) + gas ('g) + water ('w) + oil  ('0) 

b. Volatile matter: 

4) 

3. Assumptions : 

a. Inorganic decomposition negligible.  

Inorganic 4 Inorganic + H ~ O  + co2 
b. Pyrolysis product distribution constant: 

5 

Obviously, neither the organic residue on the retorted shale,  nor the total  organic 
are obtained directly from the MFA. 
then t h e  other i s  easi ly  calculated by equation 3 and these values can be rather 
uniquely determined from the MFA data i f  the assumption of constant product ra t ios  
holds. 
as figure 1. I n  th is  f igure l i ne  i s  representative of equation 1 and gives the 
relationshio between the total  oraanic and the inoraanic matter in the raw shale. A 

However, i f  one of these quantit ies i s  known 

The development of a coordinate system showing these relationships i s  given 

a 
b 
m 
1 
m 

l ine  
which will pyrolyze to o i l  during assay. Another l ine AE can also be drawn which 

can' also be drawn which represents the weigit percent of the organic matter 

represents t h c t o t a l  volat i les  e;olved- d u r i n g  the pyrolysis. 
between l ine  AB ( t o t a l  organic) and l ine 
residue ( B E )  which will be found with the retorted shale. 

Obviously the difference 
( to t a l  volat i les)  must be the organic 

Line E also has a unique relationship t o  the retorted shale value (ys)  since t h e  
- volati le organic must always simultaneously be represented by a point ' G '  on the l i n e  
AB in order t o  f i l l  the requirement of equation 2. By simple geometry i t  follows 
tha t  t h e  l i ne  
1 owing re1 a t i  ons hi ps : 

can be established with a point ' H '  on the l ine E,  giving the fol- 

1. f o r  the organic residue, 

2. the gas and water (plus lo s s ) :  
- 
HG = 

3. and the o i l :  
- 
C D  = 

Figure 1 therefore becomes a diagram on which the relationship of the known values 
( o i l ,  volati les,  o r  residual shale) from a MFA can be plotted and the value of the 
other unknowns (inorganic, total  organic, andorganic residue) can be determined 
directly,  provided the position of the l ines AE and can be reliably established. 
The position of these l ines  can be determined from l i t e r a tu re  data by noting t h a t  --- 
the line AH in figure 1 bears the same relationship between the oi l  and the retorted 
shale as the l ine E does to  the total  volat i les  and the retorted shale. Therefore 
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"a p l o t  of O i l  y i e l d  da ta  ( i n  weight  percent)*  versus the r e t o r t e d  shale ( o r  i t s  analog 
t h e  t o t a l  v o l a t i l e s )  should g i v e  a s t r a i g h t  l i n e  which w i l l  be l i n e  AH. 

Of  these da ta  us ing  t h e  c o n s t r a i n t  t h a t  t he  'y '  i n t e r c e p t  equals 100 we igh t  pe rcen t  
leads t o  an equation: 

Such a p l o t  
A l e a s t  square e v a l u a t i o n  , f o r  a wide range of o rgan ic  con ten t  i s  g iven i n  f i g u r e  2. 

y, = - 1 . 2 8 2 ~ ~  + 100 9)  

I 
8 
E 

The i n t e r c e p t  w i t h  t h e  x a x i s  g i ves  a value o f  78.0 we igh t  pe rcen t  f o r  t h e  v o l a t i l e s ,  

percent  f o r  t he  o i l  as a percent  o f  t he  t o t a l  organic .  

Mathemat ica l ly  the r e l a t i o n s h i p s  developed i n  f i g u r e s  1 and 2 g i v e  some i n t e r e s t i n g  
c o r r e l a t i o n s  where 'MI i s  t he  s lope of t h e  l i n e  AE and xo i s  t he  o i l  y i e l d  i n  weight  
percent ,  as fo l l ows :  

J a value o f  22.0 weight  percent  f o r  t he  o rgan ic  res idue,  and a va lue o f  60.8 we igh t  

- 1. To ta l  organic  content :  xt E M2xo = 1 . 6 4 4 ~ ~  

2.  Organic Residue: xr (M2-M)x0 E 0 . 3 6 1 ~ ~  

3. Gas and water: ( xg  + s) 2 -( l+M)xo 0 . 2 8 2 ~ ~  12) 

4. Product  D i s t r i b u t i o n :  a. O i l :  = 1/M2 0.608; b. Residue: 2 =" (1- A) 0.220; 
X t  X t  

c. Gas, Water, and Loss: (x  + x ] (M) - ( M2 ) 0.172 13) 

I t  i s  a l s o  poss ib le  t o  independent ly  check t h e  assumption t h a t  t h e  p roduc t  r a t i o s  t o  
t o t a l  organic  are constant  from l i t e r a t u r e  references.  Table 1 summarizes these data. 

Table 1. D i s t r i b u t i o n  o f  Organic M a t t e r  
Data Source Shale Assay Product  t o  Orqanic Rat ios 

( g / t )  O i l  Gas + Water Vol a t i  1 es Residue I Smith(5)  25. Z a  0.543 0.243 0.785 0.215 
G o ~ d f e l l o w ( ~ )  33.2b 0.569 0.212 0.781 0.220 I' Stanf ie ld( ' )  18-52' 
S tan f i e ld ( ' )  27.7 d 

H ~ b b a r d ' ~ )  78e 

0.614 0.159 0.773 0.228 
0.607 0.161 0.768 0.233 

0.67 m g  ms 9 m g  
0.78 0.22 f rn' (Figure 2, 

0.61 0.17 

a. Data from 8 r e p l i c a t e  samples; b. Data f rom 42 r e p l i c a t e  samples; c .  Averaged da ta  
from 9 samples; d. Data f o r  kerogen en r i ched  
shales (see Table 2 RI4872); f. 
As can be seen from Table 1 ,  t h e  r a t i o s  f o r  t o t a l  o rgan ic  t o  v o l a t i l e s  and t h e  o rgan ic  
res idue a re  e s s e n t i a l l y  constant  w i t h  values o f  about 0.78 and 0.22 r e s p e c t i v e l y  -- 
as had been p red ic ted  from the  da ta  used i n  o b t a i n i n g  f i g u r e  2. 
covers assay data obta ined f o r  kerogen en r i ched  shales and covers a wide range o f  

m, 
Composited sample o f  above 9 samples; e. 

Data cover m u l t i p l e  samples rang ing  f rom 5 t o  93 ga l / t on .  E 
I 

The data o f  Hubbard 

* O i l  y i e l d s  are commonly repo r ted  as (ga l / t on ) .  
they can be converted t o  an approximate weight  percent  us ing  t h e  equa t ion  ( g a l / t o n )  
C 2.61 (weight pe rcen t ) .  

I n  the  absence o f  d e n s i t y  data,  
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concentration. Although i t  i s  not possible t o  make a material balance from these 
data they do show t h a t  the ra t ios  of  o i l  to kerogen (also fo r  water to kerogen) are 
constant over a wide concentration range. 

DEVIATIONS FROM THE IDEALIZED CASE 

In the  preceding section i t  was shown tha t  a p lo t  o f  assay o i l  y ie ld  from the Green 
River oil  shales as a function of the retorted shale yield s t a t i s t i c a l l y  defined a 
l ine  represented by equation 9. 
recent MFA data do not f i t  the relationship -- an observation which '4 par t ic  larly 
true of some of the b e t t e r  s t a t i s t i c a l  data, i . e . ,  tha t  o f  Goodfellow , Smith!, and 
Hubbard6, as well as t ha t  from commercial laboratories.  
fellow's analysis involved 42 replicate determinations. ) 

I t  is apparent from f igure  3 t ha t  the  deviation from ideal shows a consistently low 
retorted shale y ie ld  (o r  high vo la t i l e  content). 
argued that the problem is  associated w i t h  the decomposition of the inorganic portion 
of the shale and tha t  the assumption of a ' y '  axis intercept of 100 w t  percent i s  n o t  
valid. Further, decomposition of the inorganic portion is  not en t i re ly  unexpected 
since i t  i s  known tha t  a small amount of carbonate decomposition takes place during 
the MFA procedure, e -g . ,  Smith5 reports 0.6 weight percent fo r  a typical 25 gal/ton 
o i l  shale. However, carbonate decomposition will not account fo r  the magnitude of 
observed deviation, par t icu lar ly  fo r  low assay o i l  shales. 

The l a t t e r  i s  shown by examination of the large quantity of assay data from the cores 
obtained i n  d r i l l i n g  exploratory core holes which can be readily obtained by request 
from the Laramie Energy Research Center of ERDA. 
advantage of covering the assay of barren o r  lean shale i n  addition to the very rich 
shales -- something t h a t  i s  not normally done in  routine investigation of o i l  shales. 

Figures 4, 5, and 6 show charac te r i s t ic  CD plots fo r  selected intervals of typical 
cores taken from the o i l  shales i n  the Green River Formation fo r  Colorado, Utah, and 
Wyoming, respectively. As might be anticipated these data show tha t  the retorted 
shale recovery from samples w i t h  zero o r  negligible oil  y ie ld  are typically only 98- 
99 weight percent. 
is associated with water -- not gas as would be the case with carbonate decomposition. 

This l a t t e r  observation suggests tha t  sample preparation, particularly drying, needs 
t o  be reevaluated i n  making the MFA, ( o r  a t  l e a s t  determining and reporting the 'as 
received' o r  total  moisture content of the sample). In discussing the  drying pro- 
cedures used by various individuals one finds considerable variation between labor- 
a tor i  s and more importantly from the procedure i n i t i a l l y  s e t  u p  by Stanfield and 
Frostfl) .  Whereas the l a t t e r  carefully dried the i r  samples and often reported MFA 
data on a 'moisture corrected'  basis -- one nm finds tha t  assays a re  almost univer- 
s a l ly  being done on an ' a i r  dried'  o r  as received basis. 

Failure t o  correct f o r  moisture n o t  only leads to  small inaccuracies i n  the MFA data 
as i s  shown i n  table 2. 
C D  p lo t ,  as shown in f igure  3, where the data i s  also plotted on a moisture-free 
basis and more nearly fits the derived relationship. 

Interestingly,  figure 3 shows tha t  much of  the more 

(As noted i n  Table 1 - Good- 

Therefore, i t  could be eas i ly  

MFA data from core holes has the 

The in te res t ing  observation is  tha t  the dominate vola t i le  loss 

9 
I t  a l so  has a considerable e f f ec t  on the data points of a 
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Table 2. E f f e c t  o f  Using Mo is tu re - f ree  Basis  
On Mod i f i ed  F i sche r  Assay Data 

Assay I t e m  Data Source 

Retor ted Shale 
O i  1 

Water 
Gas (+ l o s s )  

To ta l  

Smi  t h ( 5 )  Hubbard (7)  

A B A B A B 

82.40 83.36 86.28 87.45 86.12 87.23 
12.60 12.75 9.51 9.63 10.06 10.19 
3.85 3.89 2.87 2.91 2.55 2.58 

- ~ - -  -- 

1.15 - 1.38 1.27 - -- -- -- 
100 100 100 100 100 100 

Change i n  O i l  Assay (ga l / t on )+  +0.4 t0 .3 to. 3 

A As repo r ted  
B Mo is tu re - f ree  
t Calcu lated us ing  2.61 t imes d i f f e r e n c e  i n  o i l  present .  

Fau t ion  must be used i n  a r b i t r a r i l y  app ly ing  a mo is tu re - f ree  bas is  t o  MFA da ta  s i n c e  
water  o f  p y r o l y s i s '  i s  de r i ved  from t h e  r o l y t i c  decomposit ion o f  t h e  o rgan ic  mat- 

t e r .  The q u a n t i t y  o f  ' p y r o l y s i s  wa te r '  (g) w i l l  be p r o p o r t i o n a l  t o  the  t o t a l  o rgan ic  
content; 0.077 (xo )  t o  es t ima te  i t s  value) 
whereas, t he  mois ture i n  the sha le  decreases w i t h  i n c r e a s i n g  o rgan ic  con ten t  ( i .e.,  
r e f e r  t o  f i gu res  4, 5, 6). 
l i t t l e  o r  no change i n  MFA 

I t  i s  the re fo re  suggested t h a t  those i n v o l v e d  i n  e v a l u a t i n g  o r  s t a n d a r d i z i n g  t h e  MFA 
procedure take note o f  t h i s  problem. C e r t a i n l y  t h e  r e l a t i o n s h i p  between d r y i n g  tech-  
nique and water  y i e l d  needs t o  be evaluated -- and perhaps a much more d e t a i l e d  s tudy  
should be made determin ing t h e  r e l a t i o n s h i p  between water  y i e l d  and r e t o r t i n g  
temperatures. 

( t he  author  uses t h e  r e l a t i o n s h i p  (%) 

Therefore, i t  i s  n o t  uncommon f o r  assay data t o  show 
wa te r  y i e l d  as a f u n c t i o n  o f  o i l  y i e l d .  

INTERPRETATION OF TGA DATA 

Figure 7 shows a t y p i c a l  TGA t r a c e  f o r  t he  p y r o l y s i s  o f  a sample o f  Colorado o i l  s h a l e  
i n  a CO atmosphere. TGA does n o t  g i ve  o i l  y i e l d ,  and unless the v o l a t i l e s  are recov-  
ered an$ analyzed i t  i s  d i f f i c u l t  t o  g e t  such data d i r e c t l y .  On t h e  o t h e r  hand, t h e  
data does r e a d i l y  l end  i t s e l f  t o  analyses on a CD p l o t  s ince  the  v o l a t i l e  con ten t  i s  
determined r a t h e r  p r e c i s e l y  by TGA. (w i n  f i g u r e  1 )  i s  known f o r  t he  p a r t i c u l a r  shale i n  ques t i on  the  o i l  y i e l d  can be 
est imated from the  ' x '  i n t e r c e p t  o f  t h a t  l i n e .  

I n  t h e  event  t he  r e l a t i o n s h i p  o f  t h e  o i l  y i e l d  t o  t h e  t o t a l  v o l a t i l e s  i s  n o t  known 
f o r  t he  TGA sample a second da ta  p o i n t  can be ob ta ined  by o x i d i z i n g  t h e  r e s i d u a l  or- 
ganic ma t te r  (F igu re  8 )  a t  t h e  p y r o l y s i s  temperature ( t o  min imize carbonate decompo- 
s i t i o n ) .  The t o t a l  v o l a t i l e  d a t a c a n  then be used t o  e s t a b l i s h  a p o i n t  on the  o i l  
versus i no rgan ic  boundary l i n e  (AD i n  f i g u r e  1) and t h e  y i e l d  est imated aga in  from 
the ' x '  i n t e r c e p t  o f  t h a t  l i n e .  These da ta  a r e  shown p l o t t e d  on a composi t ional  
diagram as f i g u r e  9. The F i sche r  assay o i l  y i e l d  p r e d i c t e d  f rom t h e  da ta  f rom f i g -  
u re  7 would be 34.5 gal / ton.  That, based on da ta  f rom f i g u r e  8, i s  33.4 g a l / t o n  
(assuming G/T 
aged 33.38 gal / ton.  

Therefore, i f  the  p o s i t i o n  of t h e  o i l  y i e l d  l i n e  

2.61 w t  %). F i sche r  assay o f  f o u r  samples o f  t h i s  m a t e r i a l  aver- 

CORRELATIONS WITH TOTAL ORGANIC MATTER 

F igu re  10 shows da ta  for t h e  t o t a l  o r  a n i c  mat ter .as a f u n c t i o n  of t h e  o i l  y i e l d  as 
repo r ted  i n  the l i t e r a t u r e  (3,4,5,8,93 toge the r  w i t h  t h e  c o r r e l a t i o n  curve d e n v e d  
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t o  f i t  these data b y  t h e  i n v e s t i g a t o r s  o f  t he  USBM3. Obvious ly  these l a t t e r  data do 
n o t  f i t  t h e  r e l a t i o n s h i p  suggested by equat ion 0, no r  do they seem t o  f i t  t h e  more 

used i n  us ing  t h e  o l d e r  l i t e r a t u r e  data f o r  t o t a l  o rgan ic  content  and i t s  c o r r e l a t i o n  
p a r t i c u l a r l y  as they  m igh t  apply  t o  making energy balance c a l c u l a t i o n s .  

SUMMRY 

A composi t ional  d iagram has been developed which prov ides a v i s u a l  means o f  evaluat ing 
o i l  shale assay da ta  f o r  t h e  Green R ive r  o i l  shales.  O f  p a r t i c u l a r  va lue  i s  the 
a b i l i t y  t o  est imate t h e  t o t a l  o rgan ic  and o rgan ic  res idue i n  the py ro l yzed  shale from 
Modi f ied F i sche r  Assay data. 
f o l  1 ows : 

1. 
2. 
3. 
4. 

p r e c i s e  determinat ions o f  Smith5 and Goodfel low 4 . For t h i s  reason care shou ld  be 

For approximate purposes these r e l a t i o n s h i p s  a r e  as 

To ta l  Organic = 1.644 x (MFA o i l  y i e l d )  
Organic Residue = 0.361 x (MFA o i l  y i e l d )  
(Gas + Water + Losses) = 0.282 x (MFA o i l  y i e l d )  
Water (from p y r o l y s i s )  = 0.077 x (MFA o i l  y i e l d )  

The composit ional d iagram can a l s o  be used t o  evaluate TGA (Thermogravimetric.Ana1- 
y s i s )  data f o r  o i l  sha les  i n  o r d e r  t o  es t ima te  t h e  o i l  y i e l d .  
as a too l  f o r  e v a l u a t i n g  exper imenta l  r e t o r t i n g  data,  p a r t i c u l a r l y  f o r  bench sca le  
and p i l o t  p l a n t  r e t o r t s  where m a t e r i a l  ba lance data on the  feed and r e t o r t e d  shales 
can be accu ra te l y  asce r ta ined .  

It i s  a l s o  reconmended 
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F igu re  1. Development o f  t he  Composit ional Diagram 

* FROM R I  4471 Ill 
o FROM R I  4825 121 
d FROM R I  4451 141 
0 FROM A I  6676 (51 

F igu re  2 .  Re la t i onsh ip  between O i l  Y i e l d  and 
Retor ted Shale Y i e l d  
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n .1 

OIL YIELD WT.% 

Figure 3. Composit ional Diagram Showing Dev ia t i on  
From I d e a l  Case 

USBM -AEC COREHOLE #2 
1206'--1339.2' 

Figure 4. CD P l o t , f o r  USBM-AEC Corehole #2 

6 2  



UTAH -GULF #1 
745.4'845.4' 

Figure 5. C D  P l o t  o f  Utah-Gul f  Evacuat ion #1 1 
WYOMING COAEHOLE X 1  

488.8' - 611.4 

Figure 6. CD P l o t  o f  Wyoming Corehole #1 
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Figure 9. Typical CD Plot fo r  TGA Data o f  Colorado 
Oil Shale 

OIL YIELD 
(WT.% 1 

Figure 10. Relationships between Oil  Yield and 
Total Organic Matter 
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SIMULATED GROUND WATER LEACHING OF I N  SITU RETORTED OR BURNED OIL SHALE 

H. W. Parker, R. M. Bethea, N. Guven, M. N. Gazdar, and J. K. Owusu 

Texas Tech U n i v e r s i t y ,  Lubbock, Texas 79409 
Department o f  Chemical Engineering and Department o f  Geosciences 

INTRODUCTION 

Many s o c i a l ,  p o l i t i c a l ,  e c o l o g i c a l  and economic f a c t o r s  combine t o  make pre-  
d i c t i o n s  rega rd ing  t h e  da te  o f  s i g n i f i c a n t  commercial shale o i l  p roduc t i on  ve ry  
uncer ta in .  
known, s c i e n t i s t s  and engineers have a r e s p o n s i b i l i t y  t o  develop f a c t u a l  i n f o r -  
mation rega rd ing  o i l  sha le  u t i l i z a t i o n  i n  o rde r  t h a t  t e c h n i c a l  i n f o r m a t i o n  w i l l  
n o t  be t h e  de lay ing  f a c t o r  i n  u t i l i z a t i o n  o f  o i l  sha le  when r e q u i r e d  by o u r  
na t i on .  T h i s  paper i s  one a d d i t i o n  t o  t h e  t e c h n i c a l  data base needed f o r  sound 
u t i l i z a t i o n  o f  o i l  sha le .  

A l though t h e  a c t u a l  da te  f o r  commercial shale o i l  u t i l i z a t i o n  i s  un- 

A f t e r  o i l  shale has been r e t o r t e d  i n  s i t u ,  t h e  l o n g  t e r m  hazard t o  t h e  sur-  
face environment w i l l  be the  p o s s i b i l i t y  o f  ground water  movement through t h e  o i l  
shale t o  l each  va r ious  s o l u b l e  s a l t s  f rom t h e  spent shale. The poss ib le  env i ron -  
mental hazard d i v i d e s  i t s e l f  i n t o  two major  aspects. One aspect  regards t h e  geo- 
l o g i c a l  d e t a i l s  o f  t h e  p a r t i c u l a r  i n  s i t u  r e t o r t i n g  s i t e ,  i n  p a r t i c u l a r  t h e  amounts 
and q u a l i t y  o f  ground water  which m igh t  f l o w  i n t o  t h e  p rev ious l y  r e t o r t e d  zone . 
and subsequently have an o p p o r t u n i t y  t o  reach t h e  sur face.  
f a c t o r s  can be eva lua ted  b e s t  by h y d r o l o g i s t s ,  i f  t h e y  have a v a i l a b l e  i n fo rma t ion  
rega rd ing  i n t e r a c t i o n s  between p rev ious l y  r e t o r t e d  o i l  shale and t h e  i nvad ing  
ground water. 

The present  research  i s  aimed a t  a systemat ic  development o f  i n f o r m a t i o n  
desc r ib ing  t h e  l e a c h i n g  o f  s o l u b l e  s a l t s  f rom r e t o r t e d  o i l  shale by ground water. 
The t o t a l  s tudy  i n c l u d e s  determin ing t h e  amounts o f  m a t e r i a l  made a v a i l a b l e  f o r  
l each ing  by t h e  r e t o r t i n g  process, and a l s o  t h e  r a t e s  a t  which l each ing  may occur. 
The present  paper p r i m a r i l y  cons iders the  amounts o f  m a t e r i a l  made a v a i l a b l e  f o r  
l each ing  as a r e s u l t  o f  r e t o r t i n g  o i l  shale under v a r i e d  cond i t i ons .  Work now i n  
progress i s  e v a l u a t i n g  t h e  r a t e s  a t  which l each ing  may occur. 

These s i t e  dependent 

EXPERIMENTAL PROCEDURES 

One sample o f  o i l  shale was employed i n  t h i s  i n v e s t i g a t i o n  so t h a t  t h e  t o t a l  
data s e t  rega rd ing  q u a n t i t i e s  o f  m a t e r i a l s  t o  be leached f rom t h e  o i l  shale, and 
leach ing  r a t e  s t u d i e s  t o  be conducted i n  f u t u r e  work w i l l  be on a c o n s i s t e n t  basis. 
The s l a b  o f  o i l  sha le  was f i r s t  d r i l l e d  t o  remove cores f o r  f u t u r e  l each ing  r a t e  
s tud ies,  and t h e  remainder o f  t h e  s l a b  was crushed f o r  use i n  t h e  t e s t s  repo r ted  
here. The s l a b  was f rom t h e  R i f l e ,  Colorado,mine, b u t  i t  was n o t  i d e n t i f i e d  f u r -  
t he r .  

combinations. 
and r e t o r t i n g t i m e  (2  l e v e l s :  
These r e t o r t i n g  temperatures represent  a range o f  temperatures from a low tempera- 
t u r e  a t  which kerogen begins t o  decompose a t  a reasonable r a t e  t o  h i g h  temperatures 
a t  which carbonates decompose and o t h e r  r e a c t i o n s  i n  t h e  m ine ra l  m a t t e r  may occur. 
Actual  i n  s i t u  r e t o r t i n g  may employ very l o n g  r e t o r t i n g  t imes; however, experimental 

Data rega rd ing  t h e  sha le  sample a re  g i ven  i n  Table I. 

The shale was r e t o r t e d  i n  a randomized experiment w i t h  f a c t o r i a l  t reatment  
The f a c t o r s  were temperature ( 4  l e v e l s :  430,483, 630, and 78OOC) 

15 and 30 hours) .  Two r e p l i c a t i o n s  were made. 
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expediency necess i ta ted  r a t h e r  sho r t  r e t o r t i n g  t imes i n  t h i s  i n i t i a l  s e t  o f  e x p e r i -  
ments. 

One sequence o f  t e s t s  as 
described above was conducted w i t h  a slow purge o f  a i r  through the  o i l  shale t o  
burn carbon f rom t h e  spent shale and p rov ide  an o x i d i z i n g  environment. 
t h e  a i r  f l o w  purged carbon d i o x i d e  from t h e  o i l  shale as carbonates decomposed t o  
f a c i l i t a t e  f u r t h e r  carbonate decomposit ion. 
Po r t i ons  o f  o i l  sha le  which m igh t  have been burned by a i r  t o  energ ize the  i n  s i t u  
r e t o r t i n g  process. I n  a second s e r i e s  o f  t e s t s ,  no gas purge was used du r ing  
r e t o r t i n g  o f  t h e  shale which r e s u l t e d  i n  r e s i d u a l  carbon on t h e  spent shale, and 
reducing atmosphere about t h e  spent sha le  d u r i n g  r e t o r t i n g .  These two s e r i e s  of 
t e s t s  a re  d i s t i n g u i s h e d  as Air-Yes and Ai r -No i n  t h e  t a b u l a r  data. 

R e t o r t i n g  o f  t h e  sha le  was accomplished i n  a v e r t i c a l  s t a i n l e s s  s t e e l  t ube  
43 cm long  and 1.4 cm I D .  The c e n t r a l  p o r t i o n  o f  t h i s  tube conta ined 50 g o f  o i l  
shale. A 1/16 i n c h  swaged magnesia Type K thermocouple was centered i n s i d e  t h e  
tube. 
c e n t r a l  p o r t i o n  o f  t h e  r e t o r t i n g  apparatus. 
purged i n t o  the  t o p  of  t h e  apparatus a t  a r a t e  o f  0.25 l / h r .  Gases and o i l  were 
produced f rom t h e  bottom o f  t h e  tube i n t o  a con ta ine r  w i t h  a water l e g  seal so 
a i r  cou ld  never c o n t a c t  t h e  sha le  i n  those t e s t s  conducted i n  t h e  absence o f  a i r .  
A c l o s e - f i t t i n g  e l e c t r i c  furnace was p laced around t h e  tube. Power i n p u t  t o  t h e  
furnace was ad jus ted  by a P I D  t ype  c o n t r o l l e r  ac tua ted  by t h e  i n t e r n a l  thermo- 
couple. 
ope ra t i ng  temperature. 

f e red  t o  a 250 m l  po l ye thy lene  b o t t l e  and 200 ml o f  deminera l ized and deion ized 
water added. The r e t o r t e d  shale and water were mixed together  f o r  15 hours by 
r e v o l v i n g  t h e  b o t t l e  a t  160 RPM w h i l e  t i l t e d  a t  a 45 degree angle. The samples 
were a l lowed t o  s e t t l e  f o r  5 hours and t h e  c l e a r  water  decanted from t h e  shale. 
P r i o r  t o  a n a l y s i s  by atomic absorpt ion spectroscopy t h e  samples were f i l t e r e d  
through Whatman No. 42 f i l t e r  paper, and measurements made o f  t h e  pH and conduc t i -  
v i t y .  

t o  be generous f o r  e x t r a c t i o n  o f  the o i l  sha le fragments which were l e s s  than 2 mm 
i n  diameter. 
o f  a i r  f o r  15 hours a t  483°C and ex t rac ted  by t h e  p r e v i o u s l y  s t a t e d  procedure 
except the  pH and c o n d u c t i v i t y  were measured as a f u n c t i o n  o f  t ime.  These r e s u l t s  
a r e  shown i n  F igu re  1. 
v a t i o n  a f t e r  one hour o f  leaching.  A d d i t i o n a l  s o l i d s  were e x t r a c t e d  du r ing  t h e  24 
hour p e r i o d  o f  t h e  t e s t .  
i n  d i sso l ved  s o l i d s  i n d i c a t e d  t h e  complex i ty  o f  t h e  t o t a l  problem which i s  be ing  
addressed i n  t h e  l each ing  r a t e  s tud ies  now i n  progress.  The a d d i t i o n a l  v a r i a b l e  
of e x t r a c t i o n  t ime  was n o t  considered f u r t h e r  i n  t h i s  paper. 

i n  those cases when atomic adso rp t i on  was n o t  e f f e c t i v e .  
Table I. 
1. 
respec t i ve l y .  

Two extremes o f  gaseous environment were employed. 

I n  a d d i t i o n ,  

Th is  t e s t  p a r t i a l l y  s imulated t h e  

A h o r i z o n t a l  screen at tached t o  t h e  thermocouple supported t h e  shale i n  t h e  
For  one s e r i e s  o f  experiments, a i r  was 

Approximately 0.5 hours was r e q u i r e d  t o  heat  t he  apparatus t o  the  des i red  

A f t e r  r e t o r t i n g ,  t h e  shale was a l lowed t o  cool  t o  room temperature, then t r a n s -  

’ 
These r e s u l t s  a r e  repo r ted  i n  Table 111. 

The 15 hour t ime  used f o r  e x t r a c t i o n  o f  t h e  o i l  shale wi th  water  was thought  

To conf i rm t h i s  assumption, o i l  sha le  was r e t o r t e d  i n  t h e  absence 

Most o f  t h e  s o l i d s  were ex t rac ted  p r i o r  t o  t h e  f i r s t  obser- 

The r a p i d  e x t r a c t i o n  o f  s o l i d s  fo l l owed  by a slow increase 

The raw sha le  was analyzed f o r  severa l  elements by c o l o r m e t r i c  procedures 
These data a re  g i ven  i n  

V ,  Be, Sn, and Sb were determined by t h e  methods descr ibed i n  Reference 
As, B, and Se were determined by methods descr ibed i n  References 2, 3, and 4, 

P r i o r  t o  a n a l y s i s  the shale was d iges ted  i n  HF. 

EXPERIMENTAL RESULTS 

Data f o r  t h e  32 r e t o r t i n g  and e x t r a c t i o n  experiments a r e  r e p o r t e d  i n  Table 111. 
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These r e s u l t s  were analyzed b y  s tandard ana lys i s  o f  var iance procedures, AOV. 
s i g n i f i c a n c e  l e v e l  o f  Q = 0.05 was se lec ted  f o r  i n t e r p r e t a t i o n  o f  t h e  AOV r e s u l t s .  
S i g n i f i c a n t  v a r i a t i o n s  i n  t h e  r e s u l t s  a r e  i n d i c a t e d  i n  the l e f t  column i n  rega rd  t o  
r e t o r t i n g  t ime, Tm, r e t o r t i n g  temperature, Tp, and t h e  t ime temperature i n t e r a c t i o n ,  
TT . 

A 

For t h e  two r e t o r t i n g  t imes examined, 15 and 30 hours, l i t t l e  e f f e c t  o f  r e -  
t o r t i n g  t ime was shown on t h e  amounts o f  each element leached from t h e  o i l  shale. 
The t o t a l  amount o f  d i s s o l v e d  s o l i d s  was n o t  i n f l u e n c e d  by r e t o r t e d  t i m e  as de te r -  
mined by t h e  AOV a n a l y s i s .  The r e s u l t s  i n  Table I11 i n d i c a t e  t h a t  t h e  amounts o f  
severa l  elements d i s s o l v e d  were dependent on r e t o r t i n g  t ime by the  AOV technique,  
K, Mg, S r ,  Zn, and Cd when r e t o r t e d  i n  t h e  presence o f  a i r .  Standard a n a l y s i s  o f  
covar iance procedures, ANCOVA were a p p l i e d  t o  t h e  experiments conducted i n  t h e  
presence o f  a i r .  When leacha te  pH was used as t h e  cova r ian t ,  t h e  apparent depen- 
dency on r e t o r t i n g  t i m e  rega rd ing  t h e  amounts o f  Mg d i sso l ved  was e l im ina ted .  
s e t  o f  data i n d i c a t e d  t h a t  t h e  o n l y  s i g n i f i c a n t  i n f l u e n c e  on t h e  amount o f  magne- 
sium d i sso l ved  was pH o f  t h e  e x t r a c t .  
i n d i c a t e d  t h a t  pH o f  t h e  l eacha te  i n f l uenced  t h e  amounts o f  Fe and A1 ex t rac ted ,  
and perhaps t h e  amounts o f  Zn, as might  be expected. The ANCOVA t e s t s  i n d i c a t e d  
t h a t  on l y  the  amount o f  K leached was c l e a r l y  dependent on r e t o r t i n g  t ime.  

This 

The ANCOVA examination o f  t h e  data a l s o  

R e t o r t i n g  temperature was t h e  major v a r i a b l e  i n f l u e n c i n g  t h e  amounts o f  mate- 
r i a l  ext racted.  
two h ighes t  temperatures was n o t  great .  
temperature, 780°C f o r  t h e  l onges t  p e r i o d  o f  t ime, 30 hours, r e s u l t e d  i n  l e s s  o f  a 
p a r t i c u l a r  element b e i n g  leached from t h e  o i l  shale, f o r  example S r  and Zn. 

The d i f f e r e n c e  i n  t h e  amounts e x t r a c t e d  a f t e r  r e t o r t i n g  a t  t h e  
I n  some cases, r e t o r t i n g  a t  t h e  h ighes t  

The r e l a t i v e  amounts o f  m a t e r i a l  leached i n  the  absence o r  presence o f  a i r  
were n o t  examined by s t a t i s t i c a l  methods, b u t  it appears obvious t h a t  l e s s  mate- 
r i a l  was leached a f t e r  r e t o r t i n g  i n  t h e  absence o f  a i r  a t  t h e  two lower  r e t o r t i n g  
temperatures employed. Th is  e f f e c t  i s  n o t  j u s t  a f u n c t i o n  o f  pH as shown i n  F igure 
2, s ince  t h e  samples r e t o r t e d  i n  t h e  presence o f  a i r  had a lower  pH, b u t  a l a r g e r  
amount o f  s o l i d s  were d i sso l ved .  The X-ray d i f f r a c t i o n  s tud ies shown i n  Table I 1  
show no major a l t e r a t i o n  o f  t h e  c r y s t a l l i n e  m a t e r i a l  due t o  r e t o r t i n g  a t  t h e  lower  
temperatures e i t h e r  i n  t h e  presence o r  absence o f  a i r .  The X-ray d i f f r a c t i o n  data 
shown i n  Table I 1  show t h e  p roduc t i on  o f  a new m ine ra l  phase, h y d r o t a l c i t e ,  
Mg6A12C03(0H)16 4H20, a t  t h e  most severe r e t o r t i n g  cond i t i ons .  

DISCUSSION OF RESULTS 

These r e s u l t s  show the  i n f l u e n c e  o f  se lec ted  r e t o r t i n g  cond i t i ons  on t h e  
amounts o f  m a t e r i a l  leached f rom o i l  shale by pure water. 
assoc iated w i t h  o i l  s h a l e  depos i t s  a l ready con ta ins  l a r g e  amounts o f  d i sso l ved  
s a l t s ,  up t o  40,000 ppm ( 5 ) ,  con t ras ted  t o  t h e  maximum o f  1800 ppm observed i n  
these t e s t s .  The i n t e r a c t i o n s  o f  these r e a l  ground waters  w i t h  o i l  sha le  w i l l  be 
considerably  d i f f e r e n t  t han  observed i n  these t e s t s  w i t h  pure water; however, t h e  
t e s t s  w i t h  pure water  p r o v i d e  more rep roduc ib le  and r e a d i l y  i n t e r p r e t a b l e  r e s u l t s .  
Tests a re  now i n  p rog ress  us ing  ground water. 

Much o f  t h e  ground water 
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TABLE I 
Proper t i es  o f  t h e  O i l  Shale I n v e s t i g a t e d  

P r i n c i p a l  minera l  species present  (Please see Table 11) 
F i scher  Assay Y i e l d  (ga l / t on )  19.1 

Ana lys i s  f o r  Selected Meta ls  

Metal Method Amount Present De tec t i on  L i m i t  
PPM i n  Shale i n  Shale PPM 

Be C o l o r i m e t r i c  Trace 0.2 
V Col o r i  m e t r i  c Absent 0.5 
C r  AAS 
Fe AAS 
N i  AAS 
cu AAS 

Absent 
3.68 
Trace 
0.16 

Ag AAS Absent 
Cd AAS Trace 

AAS Absent 
Col o r i  me t r i  c 

Hg 
B 
Pb AAS 0.49 
As Co 1 or  ime tri c Absent 
Sb C o l o r i m e t r i c  Absent 
Se C o l o r i m e t r i c  Absent 

Screen Ana lys i s  o f  Crushed O i l  Shale 

Screen Mesh W t %  Screen Mesh 
(US Std. )  Reta ined ~ (US Std. )  

+16 32.0 60 
24 13.9 115 
32 14.1 250 
42 12.2 Pan 

0.005 
0.1 
0.01 
0.003 
0.005 
0.003 
1 .oo 
2.00 
0.04 
8.00 
0.05 
0.04 

W t %  
Reta ined 

10.8 
10.8 
4.0 
2.5 
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TABLE 11. Mineralogical Phases i n  Raw and Retorted O i l  Shale by X-ray D i f f rac t i on  

~~ ~ ~ 

Retort ing Conditions Minerals and t h e i r  r e l a t i v e  percentages 

(Raw Shale) 

Yes 15 
Yes 30 
Yes 15 
Yes 30 
Yes 15 
Yes 30 
Yes 15 
Yes 30 

No 15 
No 30 
No 15 
No 30 
No 15 
No 30 
No 15 
No 30 

25 

430 30 
430 25 
483 30 
483 30 
630 25 
630 20 
780 30 
780 40 

430 20 
430 20 
483 20 
483 20 
630 25 
630 25 
780 35 
780 35 

30 

30 
30 
30 
35 
10 
10 
15 
10 

30 
30 
30 
30 
15 
25 
10 
10 

10 

+ 
+ 
+ 
+ 
20 
20 
10 
10 

5 
5 
5 
5 

25 
20 
20 
10 

15 

20 
20 
20 
15 
20 
10 
5 

10 

20 
20 
20 
20 
15 
20 
10 
10 

- 

10 
10 
10 
5 

- 

5 
+ 
5 

10 

10 

10 
10 
10 
10 
+ 
10 

10 
10 
10 
10 
5 

+ 
+ 
+ 

10 

i o  
10 
10 
10 
10 

5 
30 
25 

10 
10 
10 
10 
10 
10 
20 
25 

+ indicates t race quant i ty;  - indicates not detectable I 
I 

I 
I 

m 
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THERMAL AND ELECTRICAL CONDUCTIVITIES OF GREEN R I V E R  OIL SHALES" 

J .  DuBow, R. Nottenburg, and G .  C o l l i n s  

Department o f  E l e c t r i c a l  Engineer ing 
Colorado S ta te  U n i v e r s i t y  

F o r t  C o l l i n s ,  Colorado 80523 

INTRODUCTION 

O i l - sha le  r e t o r t i n g  i s  thermal process, ye t  t h e  thermal c o n d u c t i v i t y  o f  o i l  
shale i s  incomplete ly  known.T1) A d e t a i l e d  knowledge o f  t h e  thermal c o n d u c t i v i t y  i s  
necessary before the  temperature d i s t r i b u t i o n s  i n  o i l - s h a l e  rocks,  i n  o i l - s h a l e  beds, 
and i n  the  rock surrounding i n  s i t u  o i l - s h a l e  r e t o r t s  may be a c c u r a t e l y  determined. 
The l i m i t e d  exper imenta l  data and l i m i t e d  t h e o r e t i c a l  understanding o f  the thermal 
c o n d u c t i v i t y  o f  o i l  sha le  t o  da te  h inders c o n t r o l  o f  i n  s i t u  r e t o r t i n g  processes 
and l i m i t s  the accuracy o f  mathematical s i m u l a t i o n s  o f  o i l - s h a l e  r e t o r t i n g .  

Previous s t u d i e s ( 2 ~ 3 )  o f  t he  thermal c o n d u c t i v i t y  o f  o i l  shale recognized t h a t  
thermal c o n d u c t i v i t y  could vary w i t h  temperature, kerogen con ten t ,  and varve geome- 
t r y .  However, o t h e r  aspects o f  t h e  t h e r  a c o n d u c t i v i t y  were never ex tens i ve l y  
s tud ied.  For example, P ra ts  and O'BrienT'j r e p o r t  chemical analyses o f  o i  I - s h a l e  
samples o f  nea r l y  equal F ischer  assay, but  which e x h i b i t  s u b s t a n t i a l l y  d i f f e r e n t  
minera l  ma t r i x  composit ions. I t  i s  unreasonable t o  expect two o i l - s h a l e  samples of  
equal grade but  d i f f e r e n t  m ine ra l  composit ion woul e x h i b i t  i d e n t i c a l  thermal and 

such as n a h c o l i t e  and dawsonite, decomposed over  the  temperature range used i n  t h e i r  
experiments and a r e  t h e r e f o r e  the  most l i k e l y  m ine ra l s  t o  a f f e c t  t he  thermal and 
e l e c t r i c a l  p r o p e r t i e s  o f  o i l  shale. These u t i l i z e d  t h e  t r a n s i e n t  1 i ne  
probe technique t o  measure thermal c o n d u c t i v i t y .  Th i s  technique r e l i e s  on a d i f -  
f u s i o n a l  heat f l o w  model and u t i I i f f 5  a thermal h i s t o r y  sample t reatment  which masks 
the  e f f e c t s  o f  chemical react ions.  However, these chemical r e  ions s i g n i f i -  

t o  understanding t h e  behavior o f  thermal c o n d u c t i v i t y .  

e l e c t r i c a l  c o n d u c t i v i t i e s  du r ing  r e t o r t i n g .  Cook( t ) noted t h a t  carbonate m ine ra l s ,  

c a n t l y  e f f e c t  t h e  temperature d i s t r i b u t i o n  i n  an o i l - s h a l e  r e t o r t  w and form a key 

A key t o  u n r a v e l l i n g  some o f  t he  comp lex i t i es  i n  t h e  thermal c o n d u c t i v i t y  o f  
o i l  shale l i e s  i n  simultaneous parameter measurements. I n  t h i s  i n v e s t i g a t i o n  t h e r -  
mal c o n d u c t i v i t y  and e l e c t r i c a l  c o n d u c t i v i t y  were measured s imul taneously  as a func-  
t i o n  o f  organic  con ten t ,  temperature and under s t r e s s  l e v e l s  s i m u l a t i n g  f i e l d  cond i -  
t i o n s .  These parameters were c o r r e l a t e d  and, as such, y ie lded  much more u s e f u l  re -  
s u l t s  than thermal c o n d u c t i v i t y  data alone. Some d e v i a t i o n s  from t h e  major t rends  
o f  prev ious work were observed. 

SAMPLE PREPARATION 

Mine- f resh rocks were obta ined from t h e  Paraho O i l  Shale Development Corpora- 
t i o n ,  R i f l e ,  Colorado. Other samples were obta ined f rom t h e  Laramie Energy Research 
Center (LERC), Laramie, Wyoming. The f i v e  samples se lected were analyzed by LERC 
us ing  nuc lear  magnetic resonance. The i r  o i l  y i e l d  and sample number a r e  g i ven  i n  
t a b l e  1 .  Test specimens, c u t  perpendicu lar  t o  t h e  bedding p lane,  were c a r e f u l l y  
se lected t o  i nsu re  t h a t  bo th  t h e  o rgan ic  and t h e  m ine ra l  ma t te r  were f a i r l y  evenly  
d i s t r i b u t e d  and t h a t  t he  specimens conta ined no v i s i b l e  f r a c t u r e s .  The po l i shed  
specimens measured 2 inches i n  diameter and 3 / 4  i nch  t h i c k .  A groove, 0.100 inch  
deep, as shown i n  F ig .  7 ,  was c u t  on each face o f  the specimen. Thermocouples i n  
double bore ceramic tubes were i nse r ted  i n  the grooves, w i t h  t h e  j u n c t i o n  placed i n  
d i r e c t  contact  w i t h  the  shale. The thermocouples were f i x e d  i n  p lace  w i t h  Saureisen 
Cement. 

+ Supported under c o n t r a c t  from the Laramie Energy Research Center o f  t he  U . S .  ERDA. 
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EXPERIMENTAL PROCEDURE 
I 

Measurements were taken i n  a mod i f i ed  D y n a t e ~ h ' ~ )  TCFCM thermal c o n d u c t i v i t y  
apparatus. T h i s  apparatus i s  shown i n  F ig .  l a .  e thermal c o n d u c t i v i t y  measure- 
ment technique used i s  t h e  "Comparative Th is  technique does no t  requ i re  
(1)  a d i f f u s i o n a l  model o f  heat f l ow ,  as does t h e  t r a n s i e n t  l i n e  probe method; (2) 
i t  does n o t  r e q u i r e  d r i l l i n g  an e x t r a  thermocouple i n s e r t i o n  h o l e  i n t o  t h e  o i l  shale 
sample; and ( 3 )  i t  does not r e q u i r e  thermal h i s t o r y  techniques to be u t i 1  
comparative method i s  s i m i l a r  t o  t h e  standard Guarded Ho tp la te  Technique, but  i s  
much fas te r  and r e s u l t s  i n  o n l y  a small  s a c r i f i c e  i n  accuracy. The mod i f i ed  appara- 
tus  was c a l i b r a t e d  by measuring the  thermal c o n d u c t i v i t y  o f  Pyrex 7740 a number o f  
t imes. The r e s u l t s  showed a maximum d e v i a t i o n  o f  4 percent  from publ ished NBS 
resu 1 t s .  

i8td- The 

The o i l - s h a l e  sample was sandwiched between two copper d i s c s  and t h e  u n i t  was 
sandwiched between two Pyrex 7740 reference samples as shown i n  F ig .  l b .  The i n i t i a l  
pressure was s e t  u s i n g  a Morehouse Ring Force gauge and power-screw apparatus shown 
i n  F ig.  l a .  The p ressu re  v a r i a t i o n  was determined by t h e  v a r i a t i o n  on a r i n g  f o r c e  
gauge d i a l  i n d i c a t o r .  The e l e c t r i c a l  res i s tance  was determined by measuring the  
r e l a t i v e  vo l tage  d rop  across t h e  sha le  between t h e  two copper d i s c s  as compared t o  a 
re fe rence  r e s i s t o r .  A m ic rovo l tme te r  was used to determine these vo l tages.  

Complete runs were made on each sample a t  f ou r  average i n i t i a l  pressures shown 
in  t a b l e  2 .  These runs were done i n  an a i r  atmosphere a t  an approximate average 
hea t ing  r a t e  o f  65' F per  hour. 
cont inued u n t i l  t h e  o i l  shales l o s t  s t r u c t u r a l  i n t e g r i t y - - t h a t  i s ,  t o  t h e  tempera- 
t u r e  where t h e  shale underwent complete s t r u c t u r a l  co l l apse .  Each specimen was 
heated i n  45" F to 90" F increments per hour w i t h  a s tack  temperature g rad ien t  o f  
36" F t o  54" F mainta ined across t h e  t e s t  s tack.  When thermal steady s t a t e  was a t -  
ta ined,  which requ i red  about  45 minutes per  increment, s tack  temperatures, pressure, 
e l e c t r i c a l  r e s i s t i v i t y ,  and t ime  were recorded. The heaters  were turned o f f  du r ing  
t h e  pressure and e l e c t r i c a l  r e s i s t i v i t y  measurements t o  e l i m i n a t e  a r t i f a c t s  caused 
by heat ing and s t r a y  magnetic f i e l d s  

Experiments were s t a r t e d  a t  ambient temperature and 

DATA ANALYSES 

Experimental d a t a  were analyzed w i t h  a HP 2100 minicomputer. Thermal conduc t i v i -  
t y  was computed acco rd ing  t o  equat ion 

where t h e  s u b s c r i p t  "5" denotes t h e  o i l  shale,  "TR" t he  t o p  reference,  and 
bottom reference.  K i s  t h e  thermal c o n d u c t i v i t y ,  AT the  temperature drop, i:rxhe 
t h e  thermocouple t o  thermocouple spacing. 

E l e c t r i c a l  c o n d u c t i v i t y ,  s tack  temperatures, and pressure were a l s o  s to red  i n  a 
computer memory. These t h r e e  s e t s  o f  experimental data pe rm i t ted  us t o  compute three 
de r i ved  parameters as shown i n  F ig .  6 :  (1) one parameter c o e f f i c i e n t  o f  thermal 
expansion was computed u s i n g  Equat ion 2 

I 
where.ko i s  t h e  o r i g i n a l  sample l e n g t h , A l t h e  change i n  sample l eng th  over t h e  temp- 
e r a t u r e  i n t e r v a l  AT; (2) t h e  second de r i ved  parameter i s  t he  res i s tance  r a t i o  as i t  
was computed accord ing t o  Equation 3 
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(3! the t h i r d  de r i ved  parameter, energy balance, i s  computed accord ing t o  Equation 4. 
Th is  parameter equals the  r a t i o  o f  t he  heat f l o w i n g  i n t o  the  top  o f  t h e  o i l  shale 
(QT) t o  the heat f l ow ing  o u t  o f  t h e  bottom of the  o i l - s h a l e  sample (QB). 

(4 )  

The energy balance r a t i o  (Q /Q ) should equal u n i t y  a t  e q u i l i b r i u m ,  but  dev ia tes  
s i g n i f i c a n t l y  from u n i t y ,  as shown i n  Fig. 6 ,  when heat  i s  generated o r  absorbed du r -  
i ng  chemical reac t i ons  o r  phys i ca l  t rans fo rma t ions  w i t h i n  t h e  sample. The presence 
of  carbonate m ine ra l s  i n  an  a i r  ambient atmosphere caused chemical r e a c t i o n s  t o  oc-  
cu r  which s e r i o u s l y  e f f e c t e d  energy balance and temperature d i s t r i b u t i o n s .  The t h e r -  
mal c o n d u c t i v i t y  i s  no t  u s u a l l y  de f i ned  under nonequ i l i b r i um c o n d i t i o n s  such as those 
encountered over much of t h e  temperature range we observed. What was measured was an 
e f f e c t i v e  thermal c o n d u c t i v i t y .  Moreover, i t  can be shown t h a t  Equation 1 ho lds i n  
t h e  prggence o f  heat genera t i on  w i t h i n  the  sample as w e l l  as under e q u i l i b r i u m  cond i -  
t i o n s .  The e f f e c t i v e  thermal c o n d u c t i v i t y  inc luded t h e  e f f e c t  o f  t h e  carbonate 
and kerogen decomposit ions, as w e l l  as the  varve boundaries, cracks,  and pores. 

DISCUSSION OF EXPERIMENTAL DATA 

T B  

The thermal c o n d u c t i v i t y  versus temperature f o r  f o u r  grades o f  o i l  shale a t  f o u r  
d i f f e r e n t  i n i t i a l  pressures, i s  shown i n  F ig .  2 .  The e f f e c t  o f  pressure on the  
thermal c o n d u c t i v i t y  becomes s i g n i f i c a n t  o n l y  a t  h i g h  temperatures. The pressures 
exer ted by the o i l  shales on t h e  press bar as a f u n c t i o n  o f  temperature a r e  shown 
i n  Fig. 3 .  Even a t  low temperatures, these pressures were seen t o  increase. The 
pressures cont inued t o  increase u n t i l  t h e  specimens reached t h e  s t r u c t u r a l  t r a n s i -  
t i o n  temperature, a t  which p o i n t  t h e  specimens f a i l e d  t o  s u s t a i n  any s t r e s s  and 
co l lapsed.  The r a p i d  decrease i n  pressure and eventual  loss o f  s t r u c t u r a l  i n t e g r i t y  
over a narrow temperature range was f i r s t  r epo r ted  by T isot . ( 'O)  

The s t r u c t u r a l  t r a n s i t i o n  temperature a l s o  marks a s i g n i f i c a n t  change i n  t h e  
e l e c t r i c a l  and thermal t r a n s p o r t  parameters. F ig .  4 i n d i c a t e s  t h a t ,  j u s t  p r i o r  t o  
the  onset o f  s t r u c t u r a l  y i e l d ,  t h e r e  i s  a change i n  t h e  mechanism o f  t h e  e l e c t r i -  
c a l  c o n d u c t i v i t y .  A measure of the  na tu re  o f  t h e  e l e c t r i c a l  conduct ion mechanisms 
i s  the  a c t i v a t i o n  energy f o r  e l e c t r o n i c  conduct ion,  which i s  t he  s lope of t h e  e l e c -  
t r i c a l  c o n d u c t i v i t y  versus i nve rse  temperature ( l /KT)  curve.  The a c t i v a t i o n  energy 
f o r  e l e c t r o n i c  conduct ion may be obta ined from Equat ion 5 

(5) 

whereG2 and a; a r e  t h e  c o n d u c t i v i t i e s  measured a t  temperatures T, and T2. The e l e c -  
t r i c a l  c o n d u c t i v i t y  i s  p l o t t e d  as a f u n c t i o n  o f  i nve rse  temperature i n  F ig .  4. E lec-  
t r i c a l  c o n d u c t i v i t y  e x h i b i t s  cons iderable va r iance  a t  low temperatures, but  a l l  
curves tend t o  c o i n c i d e  a t  temperatures approaching t h e  s t r u c t u r a l  t r a n s i t i o n  temp- 
e ra tu re  and above (F ig.  5). A least -squares f i t  t o  t h e  data y i e l d s  an a c t i v a t i o n  
energy f o r  e l e c t r i c a l  c o n d u c t i v i t y  o f  1.8 eV a t  temperatures above t h e  s t r u c t u r a l  
t r a n s i t i o n  temperature. A f t e r  t h e  t r a n s i t i o n  temperature, c o n d u c t i v i t y  a c t i v a t i o n  
energy i s  reduced by a f a c t o r  o f  almost two. The r a p i d  r i s e  i n  e l e c t r i c a l  conduc- 
t i v i t y  i s  accompanied by a marked increase i n  t h e  thermal c o n d u c t i v i t y .  However, 
j u s t  p r i o r  t o  the  s t r u c t u r a l  t r a n s i t i o n  temperature, t h e  thermal c o n d u c t i v i t i e s  a t -  
t a ined  a minimum (Fig. 2) .  A f t e r  t he  t r a n s i t i o n  temperature, t h e  thermal conduc- 
t i v i t i e s  increase. These increases i n  therma! c o n d u c t l v i t y  a r e  accompanied by a more 
r a p i d  r i s e  i n  the  e l e c t r i c a l  c o n d u c t i v i t y ,  suggest ing a p o s s i b l e  e l e c t r o n i c  o r i g i n  o f  
t he  increase i n  thermal c o n d u c t i v i t y  above t h e  s t r u c t u r a l  t r a n s i t i o n  temperature. 
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I One p o s s i b l e  mechanism f o r  t h e  increase i n  t h e  thermal c o n d u c t i v i t y  a t  h igh  temp- 
e r a t u r e  i s  a fundamental change i n  the  heat conduct ion mechanism a t  t h e  s t r u c t u r a l  
t r a n s i t i o n  temperature. A t  low temperatures the s h a l e  i s  nonporous and conduction i s  
main ly  through s o l i d - s o l i d  con tac t .  The onset  o f  chemical r e a c t i o n s  i n  t h e  o i l  shale, 
such as t h e  decomposit ion of carbonates, a l t e r s  t h e  man e r  i n  which heat f l ows  through 
the  o i l  shale. Thus, i n  c o n t r a s t  t o  o t h e r  workers, (2 i3y t h e  experimental da ta  show 
t h a t  the thermal c o n d u c t i v i t y  o f t e n  remains steady o r  increases w i t h  i nc reas ing  temp- 
e ra tu re .  Near the  s t r u c t u r a l  t r a n s i t i o n  temperature, t he  o i l  shale, which was under 
u n i a x i a l  compression, began t o  conso l i da te .  However, the o i l  shale could expand 
r a d i a l l y ,  and r a d i a l l y  d i r e c t e d  c racks  and f i s s u r e s  could form. These s t r u c t u r a l  
f l aws  f i l l  w i t h  a i r  and gas, which have ve ry  low thermal c o n d u c t i v i t y ,  and therefore 
reduce the thermal c o n d u c t i v i t y  o f  t he  o i l  shale. Above t h e  s t r u c t u r a l  t r a n s i t i o n  
temperature, o i l  sha le  begins t o  undergo s t r u c t u r a l  f a i l u r e  a long w i t h  chemical de- 
composit ion. Large numbers o f  pores which become i n c r e a s i n g l y  f i l l e d  w i t h  shale o i l  
a r e  formed (F ig.  7 ) .  Th i s  sha le  o i l  o r i g i n a t e s  i n  those p o r t i o n s  o f  t h e  o i l  shale 
t h a t  begin t o  r e t o r t .  A s  o i l  shale approaches r e t o r t i n g  temperature, t he  r e l a t i v e  
c o n t r i b u t i o n s  o f  s o l i d - f l u i d  and f l u i d - f l u i d  heat t r a n s f e r  mechanisms inc rea  e 

I 

I 
a t  r e l a t i v e l y  low p o r o s i t i e s ,  can dominate t h e  thermal t r a n s p o r t  p r o p e r t i e s .  Illyd, 

The increase o f  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s  a t  h igh  temperatures, pos- 
s i b l y  caused by o i l - f i l l e d  pores, i s  supported by prev ious work which demonstrated 
t h a t ,  f o r  porous rocks,  t he  e l e c t r i c a l  and therma c n d u c t i v i t i e s  can be r e l a t e d  t o  
one another through a common parameter--porosity.112y I n  a d d i t i o n ,  shale o i l  a t  high 
temperatures appears to  be h i g h l y  e l e c t r i c a l l y  conduct ive.  Dur ing one experiment, 
some shale o i l  seeped i n t o  a heater  winding and caused a s h o r t  c i r c u i t  which dam- 
aged the heater .  The h i g h  e l e c t r i c a l  c o n d u c t i v i t y  o f  hot sha le  o i l  could cause d i f -  
f i c u l t y  i n  measuring o i l - s h a l e  behavior a t  h i g h  temperatures s i n c e  t h e  sha le  o i l  
could s h o r t - c i r c u i t  thermocouples o r  o t h e r  e l e c t r i c a l  transducers, un less they a re  
p roper l y  i nsu la ted .  It was a l s o  observed t h a t  t h e  gray,  r e t o r t e d  sec t i ons  o f  the 
o i l - s h a l e  samples used e x h i b i t e d  much h ighe r  r e s i s t i v i t y  than the  u n r e t o r t e d  sections. 

The raw da ta  e x h i b i t e d  cons ide rab le  v a r i a t i o n s  a t  p a r t i c u l a r  temperatures. These 

I 

I 

I 

I 

v a r i a t i o n s  a r e  accentuated, and in terparameter  c o r r e l a t i o n s  h i g h l i g h t e d ,  when t h e  
r e s i s t i v i t y  r a t i o ,  thermal  expansion c o e f f i c i e n t  and energy balance a t  t he  tempera- 
t u r e  measurement da ta  p o i n t s  a r e  p l o t t e d  f o r  t he  v a r i o u s  grades. A t y p i c a l  curve i s  
shown i n  F ig .  6. The energy balance should be u n i t y  i n  e q u i l i b r i u m ,  but  i t  begins t o  
d e v i a t e  s u b s t a n t i a l l y  from u n i t y  as the sha le  undergoes decomposi t ion reac t i ons .  
These samples were heated i n  a i r  and, hence, were subject  t o  a number o f  carbonate 
decomposit ions beginning a t  about 195 F. 
a r e  accompanied by r e s i s t i v i t y  changes. The s t r u c t u r a l  t r a n s i t i o n  temperature i s  
marked by r a p i d  r i s e s  i n  the  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s .  

S i g n i f i c a n t  changes i n  t h e  energy balance 

SUMMARY AND CONCLUSIONS 

The r e s u l t s  from t h i s  i n v e s t i g a t i o n  show t h a t  when o i l  shale i s  heated i n  a i r :  

(1) The thermal c o n d u c t i v i t y  remains r e l a t i v e l y  constant  up to t h e  s t r u c -  
t u r a l  t r a n s i t i o n  temperature (0.5 0.15 Btu/ft-OF). 

(2) I n  a narrow temperature range around the  s t r u c t u r a l  t r a n s i t i o n  temp- 
e r a t u r e ,  thermal c o n d u c t i v i t y  a t t a i n s  a minimum and then increases. 

(3) A t  temperatures above t h e  s t r u c t u r a l  t r a n s i t i o n  temperature, a l l  
grades of  s h a l e  e x h i b i t  t h e  same a c t i v a t i o n  energy f o r  e l e c t r o n i c  
conduct ion (1.8 ev) .  

The va lues of the  e l e c t r i c a l  c o n d u c t i v i t y  tend t o  c o i n c i d e  a t  temp- 
e r a t u r e s  above the  s t r u c t u r a l  t r a n s i t i o n  temperature. 

d u c t i v i t y  i s  low and e x h i b i t s  a spread i n  a c t i v a t i o n  energ ies 
centered around 3.5 eV. . 

I ( 4 )  

(5)  Below t h e  s t r u c t u r a l  t r a n s i t i o n  temperature, t he  e l e c t r i c a l  con- 
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(6) Simultaneous measurement o f  e l e c t r i c a l  c o n d u c t i v i t y ,  thermal conduc- 
t i v i t y ,  and pressure pe rm i t s  t h e  computation o f  t h ree  d e r i v e d  param- 
e te rs - - the  c o e f f i c i e n t  o f  thermal expansion, t h e  energy balance r a t i o ,  
and t h e  res i s tance  r a t i o .  

The exper imenta l  data p o i n t  t o  a common mechanism f o r  t h e  increase 
in  thermal and e l e c t r i c a l  c o n d u c t i v i t i e s  a t  temperatures above t h e  
s t r u c t u r a l  t r a n s i t i o n  temperature. Th is  mechanism i s  t h e  f i l l i n g  
o f  pores w i t h  conduct ive shale o i l .  

(7 )  

The da ta  repo r ted  here can be used t o  develop an improved mathematical model o f  
o i l - s h a l e  r e t o r t i n g .  
sors  which p r e d i c t  t he  onset o f  s t r u c t u r a l  f a i l u r e  and kerogen decomposit ion. 

The e l e c t r i c a l  and pressure da ta  can be used t o  develop sen- 
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Sample Grade (ppt) 

AAII top 
AAII bottom 
AA2 top 
AA2 bottom 
AAa top 

21.6 
25.1 
29.6 
32.2 
41.9 

Table 1 Notation For Oil Shale Grades Reported in Subsequent Figures 

Condition 

1 
2 
3 
4 

Uniaxial Pressure Applied 
to Sample (psi) 

120 
310 
460 
600 

Table 2 Notation used in Figures To Designate the Four Conditions of Pressure 
applied to the Sample 

I 

I 

a 

Fig. 1: a) Apparatus 

b 

b) Test Stack I 
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Fig 2: Thermal Conductivity versus Temperature for four 
selected grades of oil shale at four different pressures 
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RETORTING UNDER PRESSURE I N  A NITROGEN ATMOSPHERE 
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and The Univers i ty  of Wyoming 
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NTRODUCTION 

I n  s i t u  r e t o r t i n g  of  o i l  s h a l e  is be ing  considered as a p o s s i b l e  means of energy 
recovery.  
permeabi l i ty  i n  t h e  s h a l e  beds followed by combustion o r  gas i n j e c t i o n  a t  h igh  temp- 
e r a t u r e .  Pressure  w i l l  i n c r e a s e  with depth  of  t h e  s h a l e  f o r  these  o p e r a t i o n s .  
Retor t ing  d a t a  t o  provide information r e l a t i v e  t o  i n  s i t u  processes  i s  meagre f o r  the 
e f f e c t s  of p r e s s u r e  and r e t o r t i n g  atmosphere on s h a l e  o i l  product ion and q u a l i t y .  

Curren t ly  proposed i n  s i t u  processes  would involve  c r e a t i o n  of  adequate  

I n  a previous s tudy ,  Bae (1) i n v e s t i g a t e d  e f f e c t s  of  r e t o r t i n g  atmosphere ( N z ,  
C O z ,  Hz0, N H 3 ,  and Hz), p r e s s u r e  and sweep gas  rate on o i l  s h a l e  r e t o r t i n g .  The re-  
t o r t  w a s  v e r t i c a l ,  wi th  upward gas  flow, and t h e r e  w a s  no mechanism f o r  removal of  
produced o i l  except  wi th  the  e x i t  gas. Bae (I) found l i t t l e  e f f e c t  of  in te rchanging  
t h e  sweep gas o r  t h e  sweep gas rate. 
y i e l d  wi th  increased  pressure ,  accompanied by g r e a t e r  gas  product ion and coke depo- 
sits. O i l  y i e l d s  dropped d r a m a t i c a l l y  wi th  increased  pressure ,  even when hydrogen 
w a s  used as t h e  sweep g a s ,  i n  c o n t r a d i c t i o n  t o  t y p i c a l  o i l  h y d r o t r e a t i n g  r e s u l t s .  

However, t h e r e  w a s  a l a r g e  r e d u c t i o n  i n  o i l  

Some proposed i n  s i t u  recovery methods would a l low segrega t ion  of produced o i l  
Thus it was decided by drainage from t h e  reg ions  where i t  o r i g i n a t e d  by p y r o l y s i s .  

t o  s tudy t h e  e f f e c t s  of sweep gas  i d e n t i t y ,  sweep gas r a t e ,  gas  p r e s s u r e  and h e a t i n g  
r a t e  on t h e  r e t o r t i n g  process  i n  a downflow v e r t i c a l  o i l  s h a l e  r e t o r t .  This  paper  
summarizes the  important  r e s u l t s  wi th  n i t r o g e n  as t h e  sweep gas .  I n  a d d i t i o n ,  t h e  
r e s u l t s  now a v a i l a b l e  wi th  hydrogen a s  sweep gas  a r e  included and d iscussed .  T h i s  
p o r t i o n  of  the  s tudy  i s  s t i l l  i n  progress .  

EXPERIMENTAL WORK 

Retor t ing  System and Procedure 

A flow diagram of t h e  p r e s s u r e  r e t o r t i n g  system is  shown i n  F igure  1. Sweep 
gas  w a s  taken from high p r e s s u r e  c y l i n d e r s  and regula ted  t o  a d e s i r e d  system i n l e t  
p ressure .  
No d e t e c t a b l e  i m p u r i t i e s  were found i n  e i t h e r  gas  by chromatographic a n a l y s i s .  For 
atmospheric p r e s s u r e  experiments ,  t h e  c y l i n d e r  gas  was regula ted  t o  about  50 p s i g ,  
and flow r a t e  w a s  c o n t r o l l e d  w i t h  a meter ing v a l v e ,  t h e  compressor b e i n g  bypassed. 
To obta in  the  d e s i r e d  f low rate f o r  t h e  h igher  p r e s s u r e  experiments ,  t h e  c y l i n d e r  
gas  was regula ted  t o  a p p r o p r i a t e  p r e s s u r e  f o r  i n l e t  t o  t h e  r e c i p r o c a t i n g  diaphragm 
compressor. 
r e g u l a t o r  f o r  t h e s e  h igh  p r e s s u r e  experiments .  The sweep gas  e n t e r e d  t h e  p r e s s u r e  
r e t o r t  a t  t h e  top ,  flowed down through t h e  packed s h a l e  bed and e x i t e d  from t h e  re- 
t o r t  bottom. 

The n i t r o g e n  and hydrogen sweep gases  were used a s  obta ined  commercially. 

The gas  p r e s s u r e  i n  t h e  r e t o r t  v e s s e l  w a s  f ixed  by a back-pressure 

The pressure  r e t o r t  was a s t a i n l e s s  s t e e l  commercial high-pressure c y l i n d r i c a l  
r e a c t i o n  v e s s e l  of 2-9/16-inch-inside diameter  by 32-inch-inside depth .  
a c c e s s  was a t  t h e  upper end wi th  an o u t s i d e  cap-type compression c l o s u r e  on a f l a t  
copper gasket .  The top plug w a s  provided wi th  t h r e e  holes :  
a pressure  measurement p o r t  and a p o r t  f o r  a thermocouple wel l .  The i n s i d e  bottom 

Vessel 

a sweep gas  i n l e t  p o r t ,  
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of  t h e  v e s s e l  w a s  hemispher ica l  i n  shape and w a s  provided wi th  an e x i t  l i n e  f o r  gas 
and o i l .  A s t a i n l e s s  s t e e l  s c r e e n  conforming t o  t h e  v e s s e l  bottom was used t o  
support  t h e  s h a l e  charge .  

The r e t o r t  v e s s e l  below the  upper head w a s  surrounded by a c y l i n d r i c a l  e l e c t r i c -  

was placed between each  element and t h e  o u t s i d e  r e t o r t  w a l l .  Current  t o  each element 
was propor t iona l ly  c o n t r o l l e d  t o  main ta in  t h e  correqponding thermocouple reading i n  
l i n e  with t h e  d e s i r e d  heat-up r a t e .  The a c t u a l  heat-up r a t e  of t h e  v e s s e l  contents  
would be somewhat d i f f e r e n t  from t h e  d e s i r e d  r a t e  and was monitored by f o u r  i n t e r n a l  
bed thermocouples spaced  v e r t i c a l l y  i n  a 1/4-inch thermocouple w e l l .  

a l  h e a t e r  composed of  f i v e  elements  a long  t h e  l e n g t h  of t h e  r e t o r t .  A thermocouple m 

Shale f o r  a l l  r u n s  came from t h e  Anvil P o i n t s  F a c i l i t y  of ERDA near  R i f l e ,  
Colorado. It w a s  c rushed  and screened (minus 3/4-inch and p lus  1/4-inch) and mixed 
t o  form a s i n g l e  uniform ba tch  from which p o r t i o n s  were taken  f o r  each run.  The 
s h a l e  analyzed 31.1 g a l l o n s  of o i l  per  ton by modified F ischer  a s s a y .  Analysis  of 
t h e  raw s h a l e  i s  shown i n  Table  1. 

The r e t o r t  v e s s e l  was loaded wi th  2240 grams of  crushed raw o i l  s h a l e  f o r  each I 
run. Sweep gas  flow and r e t o r t  p r e s s u r e  were a d j u s t e d  t o  t h e  d e s i r e d  v a l u e s  and 
then the h e a t i n g  i n i t i a t e d .  The heat-up w a s  cont inued u n t i l  a predetermined f i n a l  
bed temperature was i n d i c a t e d  on t h e  e x t e r n a l  c o n t r o l l e r  thermocouples, a f t e r  which 
t h e  h e a t e r s  were c o n t r o l l e d  t o  keep t h e  r e t o r t  temperature  a t  t h i s  f ixed  va lue  f o r  
a per iod of s e v e r a l  hours .  A t  t h e  te rmina t ion  of a run t h e  h e a t e r s  were turned of f  
and the  sweep gas  a l lowed t o  flow u n t i l  t h e  bed re turned  t o  near  ambient temperature. 

I' O i l  and gas e x i t i n g  from the  r e t o r t  bottom entered  a n  o i l  c o l l e c t i o n  system. 
This  c o l l e c t i o n  system cons is ted  of  two knock-out t r a p s  i n  s e r i e s .  O i l  c o l l e c t e d  i n  
t h e  f i r s t  of these  t r a p s  could be monitored wi th  t ime.  A d i f f e r e n t i a l - p r e s s u r e  c e l l  
cont inuously measured t h e  h y d r o s t a t i c  pressure  of t h e  o i l  i n  t h i s  t r a p .  Since most 
of t h e  produced o i l  was c o l l e c t e d  a t  t h i s  p o i n t ,  a good e s t i m a t e  could be made of 
t o t a l  o i l  produced w i t h  t i m e .  
var ious  c o l l e c t i o n  p o i n t s  and weighing. 

Tota l  o i l  produced was determined by d r a i n i n g  t h e  a 
a 
I 

Downstream of t h e  o i l  c o l l e c t i o n  system and backpressure r e g u l a t o r ,  t h e  e x i t  
gases  were f i l t e r e d ,  and a s m a l l  p o r t i o n  b led  o f f  t o  a gas  chromatograph f o r  ana lys i s .  
Analysis  w a s  accomplished w i t h  a three-column system using a thermal  conduct iv i ty  
d e t e c t o r .  

Experiments and C a l c u l a t i o n s  

Using n i t r o g e n  as t h e  sweep gas ,  the  r a w  s h a l e  was r e t o r t e d  a t  pressures  of 0, 
750, and 1500 p s i g  (barometr ic  p r e s s u r e  approximately 11 p s i a ) .  
r a t e s  of 14,  25, 75, and 125' F per  hour were employed a t  each pressure .  A t  f ixed 
p r e s s u r e  and Iirdt-up r a t e ,  a number of  sweep gas  space  v e l o c i t i e s  were s t u d i e d ,  w i t h  
a maximum of about 120  SCF per  hour per  square  f o o t  of bed c ross  s e c t i o n .  

Uniform hea t ing  

fl 
Hydrogen sweep gas  experiments  have been performed i n  t h e  same ranges of pres- 

s u r e ,  heat-up r a t e ,  and space v e l o c i t y .  These experiments  a r e  not  y e t  complete. 

Actual heat-up r a t e s  w e r e  determined from t h e  s teady-s ta te  p o r t i o n  of  average 
bed temperature v e r s u s  t i m e  p l o t s .  Actual  n i t r o g e n  space v e l o c i t i e s  were ca lcu la ted  
from the measured e x i t  gas  f low r a t e s  and n i t r o g e n  conten t .  
measured wi th  t h e  wet-test meter p r i o r  to  t h e  heat-up per iod .  I 

I 

Hydrogen feed  rates were 

Mater ia l  ba lances  f o r  each run  were made on t o t a l  mass, ash ,  carbon and hydrogen. 
On Some of t h e  e a r l y  n i t r o g e n  runs  a t  a tmospheric  p r e s s u r e  t h e  o i l  c o l l e c t i o n  system 
then i n  use d i d  not  t r a p  a l l  of  t h e  o i l  produced. 
quent ly  modified to  minimize t h i s  l o s s .  

The c o l l e c t i o n  system was subse- 
On these  e a r l y  n i t r o g e n  r u n s  t h e  carbon 
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Tota l  weight 
Organic carbon 
Hydrogen 
Nitrogen 
Su l fu r  
Water 
Mineral  COP 
Ash 

Table 1. Analyses of r a w  and r e t o r t e d  s h a l e s  

Retor ted  s h a l e s  

Raw Atmospheric 1500 p s i g  
s h a l e  p r e s s u r e  run'  run2  - 

g 
wt-pct 

do 
do 
do 
do 
do 
do 

2240 
13.7 
2.01 
0.46 
0.77 

1 . 2  
16 .4  
66.9 

1861 
4.4 

0.22 
0.29 
0.67 

0 .2  
19 .0  
77.6 

1911 
5.5 

0.40 
0.30 
0 .61  

0 .1  
18.0 
75.8 

Run number 9 of t a b l e  2 i n  Reference (2) .  
Run number 52 of t a b l e  2 i n  Reference ( 2 ) .  

Table  2. P res su re  r e t o r t  r e s u l t s  f o r  two example runs  

Atmospheric 1500 p s i g  
p re s su re  run  run  

Heat-up r a t e  F /hr  
Space v e l o c i t y  SCF/hr-ft2 

Organic carbon d i s t r i b u t i o n  
Max bed temp, O F  

Retor ted  s h a l e  wt-pct 
O i l  (C4+) wt-pct 
Gas (C3-) wt-pct 

COZ-free gas (C3-) g 
O i l  y i e l d  vol-pct 
O i l  y i e l d  (C4+) vol-pct 

34.4 
1 1 7  
951 

26.4 
66.1 
5.1 

29.8 
84.6 
88.7 

Table 3. O i l  p r o p e r t i e s  f o r  example runs  

Spec i f i c  g r a v i t y  
Analys is ,  weight-percent:  

H P  
N2 
S 
C 

72-400' F 
400-600 
600-800 
800 + 

D i s t i l l a t i o n  f r a c t i o n s ,  weight-percent:  

Pour p o i n t ,  O F 
Viscos i ty ,  cp: 

a t  100' F 
a t  130' F 
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Atmospheric 
p re s su re  run  

0.920 

1 1 . 7  
2 .0  
0 .8  

84.7 

7 
25 
34 
34 
86 

24 
1 3  

21.6 
116 
921 

33.8 
56.5 
9 .5  

40.8 
77.2 
82.9 

1500 p s i g  
run  

0.873 

12 .1  
1 . 9  
0.5 

84.3 

14 
34 
29 
23 
15  

4 
3 



balances were not  good. It was assumed t h a t  any i n i t i a l  carbon unaccounted for  in 
the products  w a s  due  t o  l o s t  o i l .  The o i l  y i e l d  f i g u r e s  were a d j u s t e d  f o r  l o s t  o i l .  E 
NO such c o r r e c t i o n s  have been made f o r  any of the  hydrogen experiments .  

Two types  of o i l  y i e l d s  a s  volume percent  recovery of t h e  raw s h a l e  modified 
Fischer  assay  were c a l c u l a t e d .  One o i l  y i e l d  was based on l i q u i d  product  only and 
t h e  ocher  on l i q u i d  product  p l u s  a l l  Ct, and heavier  hydrocarbons analyzed i n  the 
e x i t  gases .  

The f i n a l  d i s t r i b u t i o n s  of t h e  organic  carbon i n  t h e  raw s h a l e  were a l s o  calcu- 
l a t e d ,  Organic  carbon in t h e  r a w  s h a l e ,  r e t o r t e d  s h a l e ,  o i l  and gas  were a l l  inde- 
pendent ly  determined.  
the  carbon i n  t h e  o i l .  Any carbon as COz i n  t h e  exit gases  was assumed t o  have 
come from minera l  decomposition and was not  inc luded  a s  organic  carbon. 

RESULTS 

Nitrogen Sweep Gas Experiments 

For p r e s e n t a t i o n ,  t h e  carbon i n  t h e  C4+ gases  w a s  added to 

For the  n i t r o g e n  runs ,  t h e r e  w a s  a d e f i n i t e  decrease  of  o i l  y i e l d  wi th  increase I 
of pressure .  The average  o i l  y i e l d  ( i n c l u d i n g  C4+ gases)  f o r  22 a tmospheric  pressure 
runs w a s  93%, w i t h  a s tandard  d e v i a t i o n  of 5%. A t  750 p s i g ,  t h e  average Cb+ o i l  
y i e l d  f o r  2 1  r u n s  dropped t o  82%, w i t h  a s tandard  d e v i a t i o n  of  8%. A t  1500 psig, t h e  
average Ct,+ o i l  y i e l d  f o r  18 runs w a s  on ly  78%, w i t h  a s tandard  d e v i a t i o n  of 6%. 
Within t h e  scatter i n  t h e  d a t a ,  no dependence of t h e  o i l  y i e l d  on e i t h e r  heat-up r a t e  
o r  sweep gas space  v e l o c i t y  could b e  d e t e c t e d .  

\ 

Accompanying t h e  decrease  i n  average  o i l  y i e l d  with i n c r e a s i n g  p r e s s u r e  for  t h e  
n i t rogen  experiments ,  t h e r e  was an i n c r e a s e  i n  both t h e  average amount of gas pro- 
duced and the  average  percentage of t h e  i n i t i a l  o rganic  carbon l e f t  on  t h e  re tor ted  
s h a l e  as coke. Other  e f f e c t s  of i n c r e a s i n g  p r e s s u r e  included a decrease  i n  o i l  
s p e c i f i c  g r a v i t y  and v i s c o s i t y ,  and a n  i n c r e a s e  i n  amounts of l i g h t e r  d i s t i l l a t i o n  
f r a c t i o n s  for t h e  o i l .  

Deta i led  r e s u l t s  of  t h e  n i t rogen  sweep gas  experiments a r e  a v a i l a b l e  i n  another 
source ( 2 ) .  
a r e  included h e r e  f o r  i l l u s t r a t i v e  purposes .  These a r e  runs  9 and 52 from Table 2 
of Reference ( 2 ) .  Retor ted  s h a l e  p r o p e r t i e s  are included i n  Table 1. Retor t ing  
condi t ions ,  d i s t r i b u t i o n  of organic  carbon i n  t h e  products ,  gas  product ion and o i l  
y i e l d s  a r e  g iven  i n  Table 2 .  O i l  p r o p e r t i e s  are shown i n  Table  3. Increased  coking 
with i n c r e a s e  o f  p r e s s u r e  i s  shown by t h e  i n c r e a s e  i n  organic  carbon on t h e  re tor ted  
s h a l e  f o r  t h e  1500 p s i g  experiment when compared wi th  t h e  0 p s i g  run  (See Tables 1 
and 2 ) .  This  i s  a l s o  confirmed by t h e  i n c r e a s e  i n  gas produced i n  t h e  high pressure 
run. The o i l  p r o p e r t i e s  i n  Table 3 i n d i c a t e  t h a t  t h e  o i l  from t h e  h igh  pressure run  
was l i g h t e r  w i t h  lower pour p o i n t  and v i s c o s i t y  than  t h e  o i l  from t h e  low pressure 
run. No a p p r e c i a b l e  d i f f e r e n c e s  could be d e t e c t e d  i n  t h e  C / H  r a t i o  f o r  o i l s  p r o d u c e d l  
a t  the  var ious  p r e s s u r e s .  The increased  gas  product ion f o r  t h e  1500 p s i g  run  over 
the  0 p s i g  r u n  w a s  p r i m a r i l y  due to an i n c r e a s e  i n  t h e  l i g h t  normal a lkanes .  

Hydrogen Sweep Gas Experiments 

R e s u l t s  f o r  only two example runs ,  one a t  0 p s i g  and one a t  1500 psig,  

The p r e l i m i n a r y  d a t a  f o r  experiments  employing hydrogen as sweep gas  ind ica te  
an i n c r e a s e  i n  o i l  y i e l d  w i t h  i n c r e a s e  of p r e s s u r e  and a l s o  wi th  i n c r e a s e  of sweep 
gas space v e l o c i t y .  
the  r a w  s h a l e  modif ied F ischer  assay  have been c o n s i s t a n t l y  obta ined  a t  pressures  of 
750 t o  1500 p s i g  and hydrogen space v e l o c i t i e s  in excess  of 50 SCF p e r  hour per 
square f o o t  of bed. 
space v e l o c i t y  does n o t  seem t o  be pronounced. There appears  t o  be l i t t l e  d i f fe rence  
i n  O i l  y i e l d  between n i t r o g e n  and hydrogen sweep gas  f o r  runs  a t  atmospheric  p r e s s u r e l  

O i l  y i e l d s  ( inc luding  C4+ gases)  of 100 t o  125 volume percent Of 

The e f f e c t  of h e a t i n g  rate v a r i a t i o n s  a t  c o n s t a n t  pressure  and 
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Comparison With Previous  Work 

The present  n i t r o g e n  r e s u l t s  a r e  compared wi th  those  of Bae (1) i n  F igure  2. 
O i l  y i e l d s  from t h e  p r e s e n t  s tudy  a r e  i n  reasonable  agreement wi th  t h e  prev ious  
work f o r  cons tan t  gas res idence  times i n  t h e  r e t o r t .  In no c a s e s  d i d  w e  observe 
t h e  dramatic  r e d u c t i o n  i n  o i l  y i e l d s  found i n  t h e  prev ious  work f o r  c o n s t a n t  gas 
feed r a t e .  In t h e  prev ious  s tudy  (l), o i l  y i e l d s  were found t o  decrease  with in- 
c r e a s e  of  p r e s s u r e  when hydrogen was used a s  t h e  sweep gas .  The p r e s e n t  r e s u l t s  in- 
d i c a t e  j u s t  t h e  o p p o s i t e  t rend ,  t h a t  i s ,  a n  i n c r e a s e  i n  o i l  product ion wi th  i n c r e a s e  
of hydrogen pressure .  

The d iscrepancies  between t h e  p r e s e n t  work and t h e  former s tudy are probably due 
t o  d i f f e r e n c e s  i n  t h e  way t h e  r e t o r t i n g  w a s  conducted. In t h e  previous work t h e  
sweep gas  en tered  below t h e  s h a l e  bed and e x i t e d  from near  t h e  top of t h e  bed. There 
was no provis ion  f o r  o i l  produced a t  t h e  lower temperatures  t o  be removed from t h e  
r e t o r t  u n t i l  i t  w a s  v o l a t i l i z e d  and c a r r i e d  o u t  with t h e  sweep gas .  On t h e  average ,  
t h e  o i l  was subjec ted  t o  h igher  temperatures  and a longer  r e t o r t  r e s i d e n c e  t i m e  t h a n  
i n  t h e  present  work. With increased  p r e s s u r e  t h i s  e f f e c t  would be even more pro- 
nounced, account ing f o r  t h e  l a r g e  drops i n  o i l  y i e l d  noted in t h e  former work. 

Mathematical Model 

Experimental o i l  s h a l e  p y r o l y s i s  d a t a  of Hubbard and Robinson (3) were used to  
This  model develop a s imple k i n e t i c  model f o r  o i l  p l u s  gas  product ion v e r s u s  t i m e .  

w i l l  be descr ibed i n  more d e t a i l  e lsewhere ( 4 ) .  S ince  t h e  Hubbard and Robinson work 
was wi th  a raw s h a l e  of  d i f f e r e n t  F ischer  assay ,  the  model w a s  adapted t o  g i v e  u l t i -  
mate amounts of  Ct,+ o i l  i n  l i n e  wi th  t h e  average n i t r o g e n  sweep gas  r e s u l t s  of t h e  
present  s tudy.  

The b a s i c  model is embodied i n  t h e  equat ion  

where x i s  the weight percent  of t h e  i n i t i a l  a v a i l a b l e  o i l  i n  t h e  raw s h a l e  (by modi- 
f i e d  F ischer  assay)  which has  been produced a s  Cs+ o i l  and t i s  t h e  t i m e .  The para- 
meters  K1, KP and F a r e  given by 

Ki = 0 f o r  T < 700' F 

K1 = exp(.03476T - 29.5994) f o r  700' F < T < 825' F 

K1 = exp(.00645T - 6.0633) ' f o r  T > 825" F 

KZ = 0.0006911T + 0.1766 3)  

4 )  F = 1 + 0.004647P' 

where T is t h e  temperature  i n  ' F and P is t h e  p r e s s u r e  i n  p s i g .  The h e a t i n g  r a t e  
(h) is incorpora ted  by l e t t i n g  t h e  temperature  a t  any t i m e  be  given by 

T = T  + h t  5 )  

where T is t h e  i n i t i a l  bed temperature .  
0 

In a k i n e t i c  express ion  of t h e  form of Equation 1, some mechanism is  necessary 
t o  i n i t i a t e  a non-zero r a t e .  In t h i s  work, t h i s  was achieved by s e t t i n g  x = 0.125 a t  
T = 700' F. 

The above model has  been u t i l i z e d  t o  p r e d i c t  C r +  oil y i e l d  a s  a f u n c t i o n  of 
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time f o r  the  n i t r o g e n  sweep gas experiments .  Good agreement w a s  found between model ' 
and experimental  o i l  y i e l d  - time curves .  m 
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THERMAL CONVERSION OF OIL-SHALE KEROGEN I N  THE PRESENCE OF 
CARBON MONOXIDE AND WATER 

J. J .  Cummins and W .  E. Robinson 

U.S .  Energy Research and Development A d m i n i s t r a t i o n  
Laramie Energy Research Center, Laramie, Wyoming 82071 

INTRODUCTION 

The decrease i n  the  w o r l d ' s  o i l  supply must be supplemented by a l t e r n a t e  
energy resources. One o f  these a l t e r n a t e  energy resources i s  o i l  shale. O i l  
sha le i s  composed o f  i n s o l u b l e  o rgan ic  m a t e r i a l  (kerogen), s o l u b l e  o rgan ic  
m a t e r i a l  (b i tumen) ,  and ino rgan ic  m ine ra l s .  Although o i l  sha le  con ta ins  no o i l ,  
t he  i n s o l u b l e  o rgan ic  kerogen can be conver ted to  o i l  by heat. 

Both aboveground and underground r e t o r t i n g  techniques (7, E, 12, 1 6 , ) l  1 
have been used t o  process o i l - s h a l e  kerogen. Some o f  these processes u t i l i z e  
so l ven t ,  hydrogen, and steam (2, a, 8, 3, 14); however; present  technology can 
be improved r e l a t i v e  t o  increased y i e l d s  o f  products  wi th  l ess  environmental 
impact (13). 
which o i l - s h a l e  kerogen i s  converted t o  gaseous and so lub le  products  i n  the  
presence o f  mo lecu la r  o r  r e a c t i v e  hydrogen formed d u r i n g  t h e  water s h i f t  reac- 
t i o n  shown below: 

The converted products  can be recovered a long  w i t h  wa te r -so lub le  minera ls .  The ' 
major advantage o f  t h i s  r e a c t i o n  i s  t h a t  more o f  t h e  i n s o l u b l e  kerogen i s  con- 
ve r ted  t o  gaseous and s o l u b l e  products  i n  t h e  presence o f  CO and H20 than i s  
converted by conven t iona l  methods a t  the same temperature. A lso removal of the 
wa te r -so lub le  m ine ra l s  would make t h e  sha le  res idue i n e r t  t o  water leaching on 
d isposal  and t h e  wa te r -so lub le  m ine ra l s  would be a v a i l a b l e  f o r  commercial use. 

I n  recen t  years t h e  CO-H20 r e a c t i o n  has been used t o  conver t  o rgan ic  
wastes t o  oil ( I ) ,  t o  hydrogenate coa l  (2, 4, IO), t o  l i q u i f y  coal  o r  l i g n i t e  (5, m: 
- 7, u) and t o  degrade o i l - s h a l e  kerogen -(UT. T i n c e  h i g h  y i e l d s  o f  so lub le  
products a r e  ob ta ined  f rom carbonaceous m a t e r i a l s  a t  low-temperatures, study of 
the CO-H20 r e a c t i o n  and i t s  a p p l i c a t i o n  to  o i l - s h a l e  kerogen convers ion t o  
s o l u b l e  products  i s  c o n t i n u i n g  a t  t h e  Laramie Energy Research Center. 

I' The CO-H20 r e a c t i o n  t o  be discussed in  t h i s  r e p o r t  i s  a method by 

co + H~O.-H~ + co2 

The present  paper descr ibes t h e  e f f e c t s  o f  seven v a r i a b l e s  on t h e  CO and 
water reac t i on .  The seven v a r i a b l e s  a r e  temperature, h e a t i n g  t ime, CO pressure 
charged, presence and absence o f  carbonates, shale p a r t i c l e  s i ze ,  shale grade, 
and water t o  s h a l e  r a t i o .  I n  a d d i t i o n ,  t h e  convers ion o f  kerogen i n  the 
presence o f  water on l y ,  t h e  composi t ion o f  some s o l u b l e  products  and the e f f e c t  
of t he  CO-H 0 r e a c t i o n  on some o i l - s h a l e  m ine ra l s  w i l l  be described. Other 
processes u a i l  i z e  steam o r  steam and r e c y c l e  gas but  none have d u p l i c a t e d  the 
cond i t i ons  o f  t h i s  study. For t h i s  reason o n l y  l i m i t e d  comparisons w i t h  other 
kerogen convers ion methods w i l l  be discussed. 

1' P I 

EXPERIMENTAL 

A l l  o f  t h e  o i l - s h a l e  samDles came f rom t h e  Piceance Creek Basin o f  the 
Green R ive r  Formation. Most o f  these samples f o r  t h i s  research were ground to  

1 Under l ined numbers i n  parentheses r e f e r  t o  items i n  t h e  l i s t  o f  references 
a t  t he  end o f  t h i s  r e p o r t .  
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pass through a minus 100 mesh screen. 
grades o f  o i l  shale on kerogen conversion, f o u r  grades namely 8, 18, 23, and 65 
ga l lons o f  o i l  per  ton  o f  sha le  were se lec ted  f o r  t h i s  i n v e s t i g a t i o n .  TO deter-  
mine the  e f f e c t  o f  sha le  p a r t i c l e  s i z e  on kerogen conversion, some l a r g e  pieces 
o f  65 g a l l o n  per  t o n  shale were crushed and screened t o  t h e  f o l l o w i n g  s i zes :  
0.01, 0.015, 0.029, 0.125, 0.25, and 0.50 inches. I n  a d d i t i o n ,  some 1-1/4" cube 
shale b locks were c u t  from a 35 g a l l o n  per ton  p iece o f  o i l  sha le  t o  determine 
i f  the kerogen i n  a b lock  o f  shale o f  t h i s  s i z e  could be conver ted by the  CO-H20 
reac t  ion. 

To determine t h e  e f f e c t  o f  d i f f e r e n t  

Some minus 100 mesh 65 g a l l o n  per  ton  o i l - s h a l e  sample was leached w i t h  IO 
percent  h y d r o c h l o r i c  a c i d  t o  remove t h e  n a t u r a l  carbonates. The sample was then 
washed f r e e  o f  a c i d  and d r i e d  under reduced pressure a t  60" C. Th i s  sample was 
used t o  s tudy t h e  e f f e c t  o f  t he  presence and absence o f  minera l  carbonates on 
kerogen convers ion i n  t h e  presence o f  CO-H20. 

An American Instrument Company' 1 - 1  i t e r  r e a c t i o n  vessel cons t ruc ted  o f  i n -  
conel - 600 metal and mounted i n  a rock ing  assembly was used f o r  a l l  r eac t i ons .  
The r e a c t i o n  vessel was e x t e r n a l l y  heated w i t h  e l e c t r i c a l  heaters  enclosed in  a 
metal j acke t .  The hea t ing  elements were c o n t r o l l e d  by a Love Con t ro l s  Corpora- 
t i o n  model 49 p r o p o r t i o n i n g  c o n t r o l l e r .  

P r i o r  t o  each t e s t  a weighted amount o f  o i l - s h a l e  sample and a se lec ted  
amount o f  water were p laced i n  the pressure vessel .  When sodium carbonate was 
used, i t  was added a t  t h i s  t ime. The pressure vessel was then sealed and charged 
t o  the se lected CO pressure. The o i l - s h a l e  samples were then heated i n  t h e  
presence o f  C O  and H20 a t  t h e  predetermined cond i t i ons .  On complet ion o f  each 
t e s t  t he  pressure vessel  was a l lowed t o  cool  t o  room temperature a f t e r  which a 
gas sample was taken f o r  mass spec t ra l  a n a l y s i s .  The r e a c t i o n  vessel  was opened 
and the  heated res idue  and water  were recovered. 

The heated o i l - s h a l e  res idue  was separated from the  water by f i l t r a t i o n .  
The water was e x t r a c t e d  i n  a separatory  funnel  w i t h  d i e t h y l  e the r .  The heated 
o i l - s h a l e  res idue  was a i r - d r i e d  a t  room temperature and then e x t r a c t e d  w i t h  a 
methyl alcohol-benzene m i x t u r e  ove rn igh t  t o  recover  t h e  so lub le  product  f rom the 
o i l - s h a l e  res idue.  The e the r -so lub le  product  and methyl alcohol-benzene so lub le  
products were combined t o  represent  t h e  t o t a l  so lub le  product .  

A l l  gas analyses were performed on a CEC 21-620 mass spectrometer capable 
o f  analyz ing low-molecular-weight p o l a r  and hydrocarbon m a t e r i a l s .  A l l  so lub le  
products, a l l  o i l - s h a l e  res idues and t h e  o r i g i n a l  o i l - s h a l e  sample were analyzed 
f o r  carbon, hydrogen, n i t rogen ,  and s u l f u r  by t h e  standard methods used a t  this 
Center f o r  o i l  shale and o i l - s h a l e  products. Minera l  carbonate contents  were 
determined f o r  t he  o i l - s h a l e  sample and a l l  heated residues. The o rgan ic  
carbon contents  o f  t h e  o i l - s h a l e  sample and t h e  heated res idues equa l l ed  the  
t o t a l  carbon con ten t  minus the  minera l  carbon content .  Kerogen convers ion was 
ca l cu la ted  from the amount o f  o rgan ic  carbon present i n  t h e  o i l - s h a l e  sample 
be fo re  and a f t e r  heat ing.  

2 Reference t o  s p e c i f i c  t rade  names o r  manufacturers does n o t  imply  endorsement 
by the  Energy Research and Development Admin i s t ra t i on .  
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RESULTS AND D I S C U S S I O N  

E f f e c t s  o f  Va r iab les  

Time and temperature s e r i e s  

The conversion of o i l - s h a l e  kerogen i n  t h e  presence o f  CO-H20 a t  tempera- 
tu res  from 300" t o  450" C f o r  hea t ing  t imes from 0.25 t o  6 hours was inves- 
t i ga ted .  The kerogen convers ions r e l a t i v e  t o  t ime  a r e  p l o t t e d  i n  f i g u r e  1 .  
Kerogen convers ion increases 3.7 t imes from about 26 t o  98 percent  w i t h  increased 
temperatures. Kerogen convers ion does not  increase c o n s i s t e n t l y  w i t h  increased 
hea t ing  t ime  and o n l y  a t  400" C does t h e  convers ion increase w i t h  increase i n  
heat ing t ime. Hea t ing  t ime  has a minor e f f e c t  on kerogen conversions a t  t h e  
heat ing t ime se lec ted  f o r  study. Kerogen convers ion r e s u l t s  ob ta ined  a t  350" C 
and 400" C by Hubbard and Robinson (fl) us ing  d r y  heat  and no hydrogen a t  atmos- 
p h e r i c  pressure a r e  inc luded f o r  comparison w i t h  t h e  CO-H20 r e a c t i o n  r e s u l t s .  
General ly, convers ions us ing  t h e  CO-H20 r e a c t i o n  a t  t h e  same temperature show 
l i t t l e  increase i n  convers ion w i t h  increase i n  hea t ing  t ime. I n  c o n t r a s t ,  da ta  
presented by Hubbard and Robinson (E) a t  350" and atmospheric pressure show a 
gradual increase i n  convers ion w i t h  increase i n  hea t ing  t i m e .  Also, kerogen 
conversions a t  350" and 400" C us ing t h e  CO-H20 r e a c t i o n  exceed t h e  convers ion 
obta ined by Hubbard and Robinson ( 1 1 )  by 200 and 125 percent  r e s p e c t i v e l y  w i t h  
98 percent o f  t h e  kerogen being converted t o  e i t h e r  a so lub le  o r  gaseous product  
a t  450" C.  

E f f e c t  of va ry ing  pressure o f  C O  charged 

The e f f e c t  o f  v a r y i n g  pressure o f  C O  charged on o i l - s h a l e  kerogen conversion 
w h i l e  being heated a t  375" C f o r  2 hour was i n v e s t i g a t e d  and t h e  r e s u l t s  appear 
i n  f i g u r e  2. The f i v e  charge pressures appear a t  t h e  bottom o f  t h e  f i g u r e  and 
approximate o p e r a t i n g  pressures appear a t  t h e  t o p  o f  t h e  f i g u r e .  O i l - s h a l e  
convers ion decreases from about 80 t o  60 percent  as t h e  CO charge pressure 
increases from 200 to  1000 p s i g  and t h e  opera t i ng  pressure increases from 3000 
t o  6000 ps ig .  These r e s u l t s  suggest t h a t  no b e n e f i t  i n  conversions r e s u l t s  from 
increas ing charged CO pressure above 200 p s i g  and an adverse e f f e c t  on conversion 
does r e s u l t  a t  h i g h e r  CO charged pressures. Some a d d i t i o n a l  t e s t s  a t  va ry ing  
pressures w i l l  be made i n  a bench s c a l e  reac to r  a t  a l a t e r  da te  t o  c o n f i r m  these 
r e s u l t s .  

E f f e c t  o f  va ry ing  m ine ra l  carbon content  

The e f f e c t  on o i l - s h a l e  kerogen convers ion o f  t h e  absence o f  n a t u r a l  o i l -  
sha le  carbonates and the  a d d i t i o n  o f  sodium carbonate t o  shale samples p r i o r  t o  
the  t e s t s  was i n v e s t i g a t e d  and t h e  r e s u l t s  appear i n  f i g u r e  3. Kerogen conver- 
s i o n  increased w i t h  increase temperature i n  t h e  presence o r  absence o f  carbona- 
tes .  Almost t h e  same amount o f  kerogen was converted i n  the  presence and 
absence o f  added sodium carbonate when raw shale was heated i n  the  presence o f  
CO-H20. 
carbonates were removed a t  each temperature except a t  375" C.  A d d i t i o n  o f  
sodium carbonate d i d  n o t  increase t h e  y i e l d  equal t o  t h a t  obta ined w i t h  t h e  
na tu ra l  carbonates present  i n  t h e  raw o i l  shale. 

A decrease i n  kerogen convers ion was obta ined when t h e  o i l - s h a l e  na tu ra l  

I n  genera l ,  the r e s u l t s  show t h a t  more kerogen i s  converted i n  t h e  presence 
of the  o i l - s h a l e  carbonates (raw o i l  shale over H C I  leached shale)  and t h a t  t h e  
a d d i t i o n  o f  sodium carbonate does n o t  b e n e f i t  kerogen convers ion d u r i n g  CO-H20 
reac t  ion. 
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Effect  o f  va ry ing  p a r t i c l e  s i z e  o f  o i l  sha le  

The e f f e c t  o f  o i l - s h a l e  p a r t i c l e  s i z e  on kerogen convers ion d u r i n g  the  CO- 
H20 r e a c t i o n  was s tud ied  and the  r e s u l t s  appear i n  f i g u r e  4. 
percent  o f  t h e  kerogen i s  conver ted when l e s s  than 0.1 i nch  sha le  p a r t i c l e  s i z e s  
a r e  reacted. Kerogen convers ion decreases t o  about 50 percent as t h e  p a r t i c l e  
s i z e  increases t o  .5 inches and increases t o  60 percent  as t h e  p a r t i c l e  s i z e  
increases t o  the  1.25 i nch  cubes. The cubes became p l i a b l e ,  s o f t ,  and even 
spongy as t h e  r e s u l t  o f  t h e  reac t i on .  Genera l ly  these r e s u l t s  show t h a t  t h e  C O -  
H20 process w i l l  be more use fu l  i n  conver t i ng  f i n e l y  ground o i l  shales t o  so lub le  
products; however, p a r t i c l e  s i zes  up t o  a t  l e a s t  1.25 inches can be s a t i s f a c t o r i l y  
converted. 

About 70 t o  80 

E f f e c t  o f  va ry ing  grade o f  o i l  shale 

The e f f e c t  o f  v a r y i n g  grade o f  o i l  shale on kerogen convers ion was s tud ied  
and the  r e s u l t s  appear i n  f i g u r e  5. O i l - s h a l e  kerogen convers ion,  increases 
from 50 t o  more than 70 percent  as the  grade o f  o i l  shale increases from less  
than IO t o  more than 60 g a l l o n  o f  o i l  per  ton  o f  shale. These r e s u l t s  suggest 
t h a t , a I I  grades o f  o i l  shale cou ld  be s a t i s f a c t o r i l y  converted, b u t  t h e  conver- 
s i o n  tends t o  increase w i t h  increase i n  t h e  r i chness  o f  t he  o i l  shale. Very 
r i c h  oi l  shales, which cause cons ide rab le  problems w i t h  some r e t o r t i n g  operat ions,  
would be conver ted very successfu l  w i t h  t h e  CO-H 0 reac t i on .  

E f f e c t  o f  v a r y i n g  amount o f  water 

2 

The e f f e c t  o f  t he  amount o f  water  on kerogen convers ion was inves t i ga ted .  
The amount o f  water was v a r i e d  from .25 t o  3 m i l l i l i t e r s  water p e r  gram o f  o i l  
shale. Kerogen conversions v a r i e d  some but  a t  350" C and water  t o  sha le  r a t i o s  
g rea te r  than 0.25 kerogen convers ion appears t o  be independent o f  t h e  amount o f  
H 0 present. These r e s u l t s  show t h a t  o n l y  small  amounts o f  water  a r e  needed t o  
conver t  kerogen us ing  t h e  CO-H 0 process as t h e  0.25 water t o  sha le  r a t i o  repre-  
sents  on l y  t h e  amount o f  water needed t o  wet t h e  o i l  shale. 

2 
2 

Conversion i n  Presence o f  Water Only 

Kerogen was conver ted i n  the  presence o f  water o n l y  t o  determine t h e  
amount o f  kerogen conver ted a t  temperatures from 350" t o  450" C f o r  hea t ing  
t imes from .25 t o  6 hours. The convers ion r e s u l t s  a re  compared w i t h  some o f  t h e  
r e s u l t s  obta ined i n  the  presence o f  CO-H20 and appear i n  t a b l e  I .  The o p e r a t i n g  

TABLE I .  - E f f e c t  o f  va ry ing  t h e  temperature and hea t ing  t ime  on o i l - s h a l e  
kerogen convers ion i n  the presence o f  CO-H,O and H,O on l y  

L 

Kerogen converted, w t  percent  

CO-H20 H2° 
Heat i ng Temperature Gas Soluble Gas Sol ub I e 

t i m e ,  h r s  O C  product  product product  product 

2.0 350 1 . 1  39.7 4.5 36.4 
6.0 350 0. I 39.0 6.5 46.4 
0.25 400 2.0 66.3 12.7 57.6 
1 .o 400 I .9 75.0 19.5 69.3 
I .o 450 18.7 79.2 63.4 22.7 
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pressures ranged from 2400 p s i g  t o  3600 p s i g  i n  the  presence o f  H 0 o n l y  and 
from 4800 p s i g  t o  6000 p s i g  i n  t h e  presence o f  CO-H 0. About 3 t o  9 t imes more 
gas i s  formed when wa te r  a lone  was used over  t h a t  ogta ined w i t h  water  and carbon 
monoxide. Some carbon res idue  was ev iden t  i n  t h e  sample heated a t  t h e  h ighes t  
temperatures when wa te r  a lone  was used. 

R e l a t i v e  t o  r e s u l t s  ob ta ined  us ing  C O  and H 0 more kerogen i s  conver ted t o  
t h e  so lub le  product  a t  t he  lower temperatures an8 l e s s  kerogen i s  conver ted t o  
so lub le  products  a t  t h e  h ighe r  temperatures i n  t h e  presence o f  H 0 alone. Con- 
verse ly ,  s i g n i f i c a n t l y  g rea te r  amounts o f  gaseous products  a r e  produced i n  t h e  
presence of H20 on ly .  
i n  the presence o f  wa te r  o n l y  c o n s i s t s  o f  about 29 percent  sa tu ra te  and IO 
percent  unsa tu ra te  C l  t o  C6 hydrocarbons and i n  the  presence o f  CO-H20 cons is t s  
o f  about I9 percent  methane. Hydrogen con ten t  o f  t h e  gas from the  t e s t  us ing  
water  o n l y  was 29 percent  and t h e  gas from CO-H20 t e s t  was 44 percent .  These 
r e s u l t s  show t h a t  3 t o  9 t imes more kerogen i s  conver ted t o  gas i n  t h e  presence 
o f  water o n l y  than in the  presence o f  water and carbon monoxide. 

2 

2 

The composi t ion o f  t h e  r e s i d u a l  gases generated a t  450" C 

Composition o f  So lub le  Products 

The average atomic r a t i o s  c a l c u l a t e d  from t h e  elemental a n a l y s i s  o f  t h e  
so lub le  products  appear i n  f i g u r e  7. In  a l l  cases t h e  atomic hydrogen-to- 
carbon r a t i o  (X IO) for the  s o l u b l e  e x t r a c t s  exceeded the  154 r a t i o  obta ined 
f o r  kerogen. A l l  o f  t h e  O / C ,  N/C, and S/C r a t i o s  a r e  l ess  than the  O / C  o f  
5.40, t h e  N/C o f  2.56, and t h e  S/C o f  0.47 r a t i o s  obta ined f o r  t h e  kerogen. 
Using S t a n f i e l d ' s  (Is) elemental analyses o f  composite F ischer  Assay o i l s ,  t he  
f o l l o w i n g  atomic r a t i o s  were c a l c u l a t e d  f o r  a rep resen ta t i ve  r e t o r t e d  sha le  
o i l :  H/C r a t i o  of 164, O/C o f  1=0, N/C o f  2.0, and S/C o f  0.3. Wi th  t h e  
except ion o f  oxygen amounts, t h e  so lub le  e x t r a c t s  from the  CO-H20 r e a c t i o n  
appear t o  have average composit ions s i m i l a r  t o  t h a t  of a rep resen ta t i ve  F ischer  
Assay o i l .  The presence o f  more oxygen i n  t h e  e x t r a c t s  i nd i ca tes  a l e s s  severe 
thermal h i s t o r y  than t h e  usual r e t o r t e d  o i l .  

Genera l ly  t h e  r e s u l t s  show t h a t  some hydrogen i s  probably added to  the  
so lub le  products  d u r i n g  the CO-H 0 process. A lso t h e  elemental composi t ion o f  
t h e  so lub le  products  i s  s i m i l a r  $0 t h e  elemental composit ion o f  t he  F ischer  
Assay o i l s  except  t h e  oxygen content  which i s  3 t o  5 times more. 
oxygen content  (14) occurs because t h e  s o l u b l e  products  a re  formed 50" t o  200' C 
below t h e  normal 500" C r e t o r t i n g  temperature a t  which F ischer  Assay o i l  i s  
formed. These oxygen va lues (17) do no t  exceed the  amount o f  oxygen present  i n  
t h e  kerogen. 
and r e f i n i n g  opera t i ons .  

Th is  h igher  

The s o l u b l e  products  should be s u i t a b l e  feedstock f o r  hydrocracking 

Dur ing t h e  CO-H 0 r e a c t i o n  numerous changes occur t o  the o i l - s h a l e  min- 
If s u f f i c i e n g  water i s  present  t h e  wa te r -so lub le  minera ls ,  which a r e  e r a l s .  

mainly a l k a l i  carbonates, a r e  s o l u b i l i z e d .  
o f  the quar t z  m i n e r a l s  a re  a l t e r e d  and i f  dawsonite (an aluminum c o n t a i n i n g  
m ine ra l )  i s  present  i t  i s  conver ted t o  another  m ine ra l  form. The removal o f  the 
r e a d i l y  wa te r -so lub le  m ine ra l s  cou ld  prove t o  be an environmental advantage 
because these m a t e r i a l s  may contaminate su r face  and ground waters when s to red  
w i t h  t h e  remainder o f  t h e  o i l - s h a l e  res idue  as i s  commonly done w i t h  o t h e r  
conversion processes. 

I n  a d d i t i o n ,  t he  c r y s t a l l i n e  forms 

E f f e c t  on  Minera l  Composit ions 

A dawson i t i c  o i l  shale and the dawson i t i c  sha le  res idue heated a t  400" C i n  
The peak i n t e n s i t i e s  o f  f i v e  m ine ra l s  the  presence o f  CO-H 0 were X-rayed. 2 
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(dolomite, f e ldspar ,  quar tz ,  analcime, and dawsonite be fo re  and a f t e r  hea t ing  a t  
400' C i n  the  presence o f  C O - H 2 0 )  a r e  p l o t t e d  i n  f i g u r e  8. 
(dolomite, qua r t z ,  and dawsonite) present  i n  t h e  o r i g i n a l  o i l - s h a l e  sample a r e  
no t  detected i n  t h e  sha le  res idue  a f t e r  hea t ing  a t  400" C. 
do lomi te decomposes i n t o  ca lc ium and magnesium carbonate w i t h  t h e  fo rma t ion  of 
c a l c i t e .  The dawsonite probably  reac ts  t o  form analcime and carbon d i o x i d e  i n  
the  presence of CO-HZO a t  400" C. 
upon being heated a t  400" C and i s  conver ted t o  an amorphous form n o t  de tec tab le  
by X-ray. 
400" C. 
more i n s o l u b l e  form du r ing  t h e  C O - H 2 0  reac t i on .  
commercial use, i t  would be necessary t o  degrade t h e  dawsonite t o  a s o l u b l e  form 
p r i o r  t o  the  CO-H 0 r e a c t i o n  o r  dev i se  a technique which would prevent  t h e  
format ion of analc ime du r ing  t h e  reac t i on .  An environmental advantage i s  gained 
w i t h  the removal o f  t h e  wa te r -so lub le  m ine ra l s  because t h e  o i l - s h a l e  res idue  
would become e s s e n t i a l l y  i n e r t  t o  leaching of t he  s a l t s  by atmospheric o r  ground 
water mois ture.  However, more research needs t o  be done i n  t h i s  area. 

Three m ine ra l s  

Apparent ly  t h e  

A l l  t h e  quar t z  loses i t s  c r y s t a l l i n e  s t r u c t u r e  

Feldspar appears t o  be f a i r l y  s t a b l e  i n  t h e  presence o f  CO-HZO a t  
U n f o r t u n a t e l y  t h e  aluminum present  i n  dawsonite i s  conver ted t o  a 

To rermve t h e  aluminum f o r  

2 

SUMMARY 

Using t h e  CO-HzO r e a c t i o n  m r e  kerogen i s  converted t o  s o l u b l e  products  and 
and gas a t  lower temperatures than i s  obta ined by d r y  r e t o r t i n g  a t  near atmospheric 
pressure. 

Pressure does n o t  appear t o  be a s i g n i f i c a n t  v a r i a b l e  f o r  kerogen convers ion 
i n  t h e  CO-HzO r e a c t i o n  

Natura l  carbonates present  i n  t h e  o i l  shale a r e  adequate t o  promote kerogen 
conversions and a d d i t i o n a l  sodium carbonate does n o t  increase kerogen conversion. 

extremely r i d  o i l  shales, m a t e r i a l s  t h a t  c rea te  d i f f i c u l t i e s  f o r  some o i l - s h a l e  
convers ion processes. 

The CO-H 0 r e a c t i o n  i s  s u i t a b l e  f o r  use w i t h  e i t h e r  f i n e l y  ground o r  

Only smal l  amounts o f  water a r e  needed t o  conver t  o i l - s h a l e  kerogen t o  a 
s o l u b l e  product  d u r i n g  t h e  CO-H20  reac t i on .  

More kerogen i s  conver ted t o  gaseous products  i n  t h e  presence o f  water 
a lone  than in  t h e  presence o f  bo th  carbon monoxide and water. 

Solub le products  formed i n  t h e  presence o f  carbon monoxide and water 
should be s a t i s f a c t o r y  m a t e r i a l s  f o r  r e f i n i n g  t o  needed energy f u e l s .  

Some o f  t h e  o i l - s h a l e  m ine ra l s  undergo major changes d u r i n g  t h e  C O - H 2 0  
r e a c t i o n  for example dawsonite be ing  converted t o  analcime. 
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HOT WATER EXTRAC 
UTAH 

b y  J.E. S e p u l v e d a , . J . D  

D e p a r t m e n t  o f  M i n i n g ,  M e t a  

I O N  OF BITUMEN FROM 
TAR S A N D S  

M i l l e r  a n d  A .G.  O b l a d  

l u r g i c a l  a n d  F u e l s  E n g i n e e r i n g  

U n i v e r s i t y  o f  U t a h ,  S a l t  L a k e  C i t y ,  U t a h  8 4 1 1 2  

INTRODUCTION 

The d r a m a t i c  p r o j e c t i o n s  f o r  t h e  e n e r g y  m a r k e t  i n  t h e  n e x t  f e w  
y e a r s  have  f o r c e d  a p p l i e d  r e s e a r c h e r s  a n d  p r o c e s s  d e s i g n e r s  t o  c o n -  
s i d e r  e n e r g y  s o u r c e s  o t h e r  t h a n  p e t r o l e u m ;  s u c h  a s  t a r  s a n d s ,  o i l  s h a l e  
a n d  c o a l .  P h y s i c a l l y  t a r  s a n d s  c o n s i s t  o f  s a n d  g r a i n s  s u r r o u n d e d  
b y  a b i t u m i n o u s  film ( F i g u r e  1 ) .  T h i s  b i t u m i n o u s  c o a t i n g ,  i f  p r o -  
p e r l y  s e p a r a t e d  f r o m  t h e  s a n d s ,  may c e r t a i n l y  b e  u s e d  a s  f e e d s t o c k  
f o r  t h e  p r o d u c t i o n  o f  f u e l s  a n d  p e t r o c h e m i c a l s .  

U t a h  h a s  5 1  d e p o s i t s  o f  t a r  s a n d s  c o n t a i n i n g  a n  e s t i m a t e d  
2 5  b i l l i o n  b a r r e l s  o f  b i t u m e n  i n  p l a c e ,  w h i c h  i s  a b o u t  9 5 %  o f  t h e  
t o t a l  mapped r e s o u r c e s  i n  t h e  U n i t e d  S t a t e s ( 1 ) .  A l t h o u g h  t h e  e x t e n t  
o f  U t a h  t a r  s a n d s  i s  s m a l l  i n  c o m p a r i s o n  t o  t h e  l a r g e  b i t u m e n  p o t e n t i a l  
o f  C a n a d i a n  t a r  s a n d s ,  w h i c h  a m o u n t s  t o  a p p r o x i m a t e l y  9 0 0  b i l l i o n  
b a r r e l s ,  U t a h  d e p o s i t s  d o  r e p r e s e n t  a n  a p p r e c i a b l e  p o t e n t i a l  when 
c o m p a r e d  t o  t h e  U n i t e d  S t a t e s  d o m e s t i c  p e t r o l e u m  a n d  c o n d e n s a t e  p r o -  
d u c t i o n  o f  3 . 2  b i l l i o n  b a r r e l s  o f  e q u i v a l e n t  o i l  i n  1 9 7 4  a n d  t h e  
U n i t e d  S t a t e s  c r u d e  o i l  i m p o r t s  o f  1 . 3  b i l l i o n  b a r r e l s  d u r i n g  t h e  same 
y e a r .  I n  s p i t e  o f  i t s  s i g n i f i c a n c e ,  e x t r a c t i o n  a n d  p r o c e s s i n g  t e c h n o -  
l o g y  o f  U t a h  t a r  s a n d s  h a s  n o t  y e t  b e e n  d e v e l o p e d .  S i n c e  n o t i c e a b l e  
d i f f e r e n c e s  i n  t h e  c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  b e t w e e n  C a n a d i a n  
a n d  U t a h  b i t u m e n s  h a v e  b e e n  o b s e r v e d ,  t h e  t e c h n o l o g y  a c q u i r e d  o v e r  
t h e  l a s t  f i f t y  y e a r s  i n  Canada c a n  n o t  b e  a p p l i e d  t o  U t a r  t a r  s a n d s  
d i r e c t l y ;  r a t h e r ,  a d e t a i l e d  i n v e s t i g a t i o n  o n  U t a h  t a r  s a n d s  i n  r e -  
q u i  r e d .  

C u r r e n t l y ,  a t  t h e  U n i v e r s i t y  o f  U t a h ,  a n  a m b i t i o u s  r e s e a r c h  
p r o g r a m  o n  U t a h  t a r  s a n d s  i s  b e i n g  c o n d u c t e d  i n  o r d e r  t o  o b t a i n  b a s i c  
i n f o r m a t i o n  c o n c e r n i n g  p r o d u c t s  c h a r a c t e r i z a t i o n  a n d  p r o c e s s  d e v e l o p -  
m e n t .  D i f f e r e n t  a s p e c t s  o f  i n t e r e s t  s u c h  a s  m i n i n g , e x t r a c t i o n ,  u p -  
g r a d i n g  a n d  c h a r a c t e r i z a t i o n  o f  t h e  p r o d u c t s  a r e  b e i n g  s t u d i e d .  The  
p u r p o s e  o f  t h i s  P a p e r  i s  t o  s u m m a r i z e  some o f  t h e  a d v a n c e m e n t s  i n  t h e  

t i o n  o f  t h i s  

E 

II 
E 
E 

I' 
I, 

II' 
1 
I 

c 
1 
Eo, 

'I h o t  w a t e r  e x t r a c t i o n  o f  b i t u m e n  f r o m  U t a h  t a r  s a n d s  a n d  t h e  c h a r a c t e r i z a -  
b i t u m e n ,  s p e c i f i c a l l y  i t s  v i s c o s i t y .  

' The H o t  
i n  1 9 2 3  ( 2 , 3  
b y  G r e a t  Can 
Canada (4,s). 
t h e  sands  i s  

FUNDAMENTALS OF THE HOT WATER P R O C E S S  

W a t e r  P r o c e s s  (HWP) was f i r s t  d e s c r i b e d  b y  D r .  K . A .  C l a r k  
a n d  i t  i s  c u r r e n t l y  b e i n g  u s e d  o n  a c o m m e r c i a l  s c a l e  

d i a n  O i l  S a n d s  L i m i t e d  i n  A t h a b a s c a ,  P r o v i n c e  o f  A l b e r t a ,  
I n  t h i s  p r o c e s s ,  t h e  d i s p l a c e m e n t  o f  t h e  b i t u m e n  f r o m  

a c h i e v e d  b y  w e t t i n g  t h e  s u r f a c e  o f  t h e  s a n d  g r a i n s  w i t h  

1, 
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a n  aqueous  s o l u t i o n  ( F i g u r e  Z ) ,  The aqueous  s o l u t i o n  c o n t a i n s  a c a u s t i c  
w e t t i n g  a g e n t ,  such  a s  sodium h y d r o x i d e ,  sodium c a r b o n a t e  or sodium 
s i l i c a t e .  The r e s u l t i n g  s t r o n g  s u r f a c e  h y d r a t i o n  f o r c e s  o p e r a t i v e  
a t  t h e  s u r f a c e  o f  t h e  sand  p a r t i c l e s  g i v e  r i s e  t o  t he  d i s p l a c e m e n t  
o f  t h e  b i tumen by t h e  aqueous  p h a s e .  The name o f  t he  p r o c e s s  comes 
from t h e  f a c t  t h a t  the  s y s t e m  i s  o p e r a t e d  a t  t e m p e r a t u r e s  n e a r  t h e  
b o i l i n g  p o i n t  o f  w a t e r .  Once t h e  b i tumen has  been  d i s p l a c e d  and t h e  
sand  g r a i n s  a r e  f r e e ,  t h e  p h a s e s  can  be s e p a r a t e d  by f r o t h  f l o t a t i o n  
based  on t h e  n a t u r a l  h y d r o p h o b i c i t y  e x h i b i t e d  by t h e  f r e e  b i t u m i n o u s  
d r o p l e t s  a t  modera t e  pH v a l u e s .  

The mechanism o f  bitumen d i s p l a c e m e n t  f rom t h e  s o l i d  s u r f a c e  i s  
n o t  y e t  w e l l  u n d e r s t o o d  a n d ,  a s  a r e s u l t ,  a u s e f u l  t h e o r e t i c a l  f r ame-  
work does  n o t  e x i s t .  Most a p p r o a c h e s  have  been based  on an e n e r g y  
b a l a n c e  f o r  t he  s y s t e m  p o s t u l a t i n g  t h a t ,  i n  o r d e r  f o r  t h e  b i tumen t o  
be  d i s p l a c e d ,  t h e  t o t a l  f r e e  e n e r g y  o f  the  s y s t e m  must d e c r e a s e .  
The rmodynamica l ly ,  t h i s  can  be e x p r e s s e d  a s  ( 6 . 7 ) :  

dF = Cpdn + Egdq + CydA < 0 ,  1 )  
a t  c o n s t a n t  t e m p e r a t u r e  and volume 

where 
d F  = Helmhol t z  f r e e  e n e r g y  change  

Lpdn = change  i n  f r e e  e n e r g y  due t o  c h e m i c a l  r e a c t i o n  
Cgdq = change  i n  f r e e  e n e r g y  due t o  a c h a n g e  i n  s u r f a c e  c h a r g e  
EydA = change  i n  f r e e  e n e r g y  due t o  a change  i n  s u r f a c e  e n e r g y  

Summations i n c l u d e  a l l  t h e  phases  and i n t e r f a c e s  p r e s e n t  i n  t h e  s y s t e m .  
In t h e  p a s t ,  t h e  t e r m  c o r r e s p o n d i n g  t o  chemica l  r e a c t i o n  and  the  one 
c o r r e s p o n d i n g  t o  s u r f a c e  c h a r g e  have  been n e g l e c t e d .  In a d d i t i o n ,  
changes  i n  i n t e r f a c i a l  a r e a  have o f t e n  been n e g l e c t e d ,  which may be 
a c c e p t a b l e  i n  m i n e r a l  f l o t a t i o n  s y s t e m s  b u t  n o t  i n  o i l  d i s p l a c e m e n t  where 
t h e  v a r i a t i o n s  i n  i n t e r f a c i a l  a r e a s  a r e  s i g n i n a n t .  F u r t h e r ,  a s  
p o i n t e d  o u t  by Le ja  and  Bowman ( 6 ) ,  t h e  m a g n i t u d e  o f  t h e  e l e c t r i c a l  
work t e rm i n  aqueous  s y s t e m s  may be of t h e  same o r d e r  a s  t h a t  o f  t h e  
s u r f a c e  work. C o n s e q u e n t l y 9 i t  seems t h a t  n e i t h e r  t h e  s u r f a c e  e n e r g y  
t e rm n o r  t h e  s u r f a c e  c h a r g e  t e rm s h o u l d  be n e g l e c t e d  i n  E q u a t i o n  1 .  

The re  a r e  s e v e r a l  o b j e c t i o n s  t o  t h i s  f u n d a m e n t a l  a p p r o a c h .  The 
f i r s t  one  i s  r e l a t e d  t o  t h e  d i f f i c u l t i e s  i n  o b t a i n i n g  r e l i a b l e  i n f o r m a -  
t i o n  on s o l i d - l i q u i d  i n t e r f a c i a l  t e n s i o n s  and a l s o ,  t h e  c o m p l e x i t i e s  
a p p e a r i n g  f rom the  e s t i m a t i o n  o f  t h e  s u r f a c e  c h a r g e  te rm i n  Equa t ion  1 .  
The second o b j e c t i o n  i s  t h a t ,  even  i f  t h e  above  i n f o r m a t i o n  i s  a v a i l a b l e ,  
t h e  model o n l y  p r o v i d e s  a q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  p r o c e s s  which 
c a n n o t  be s u c c e s s f u l l y  used  f o r  p r o c e s s  c o n t r o l  o r  d e s i g n .  F i n a l l y ,  
t h e  h i g h l y  v i s c o u s  n a t u r e  o f  t h e  b i tumen i n  Utah  t a r  s a n d s  may g i v e  
r i s e  t o  k i n e t i c  b a r r i e r s ,  i n  such  a way t h a t  t h e  e q u i l i b r i u m  c o n d i t i o n  
p r e d i c t e d  by E q u a t i o n  1 may be u n a t t a i n a b l e  i n  a r e a s o n a b l e  p e r i o d  
o f  t i m e .  A l s o ,  e l e c t r o s t a t i c  b a r r i e r s  c o u l d  be e x p e c t e d  ( 6 ) .  

t i o n  o f  new c o n c e p t s  i n  t h e  mode l ing  o f  p a r t i c u l a t e  p r o c e s s e s ,  such  
a s  P o p u l a t i o n  B a l a n c e  Models ,  which a r e  phenomeno log ica l  i n  n a t u r e ,  
may r e s u l t  i n  a b e t t e r  d e s c r i p t i o n  o f  t h e  s y s t e m .  

C o n s e q u e n t l y ,  a r a d i c a l l y  d i f f e r e n t  a p p r o a c h  i s  needed .  The a p p l i c a -  
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'I 
EXPERIMENTAL 

H o t  W a t e r  E x t r a c t i o n  T e s t s  

A s  s t a t e d  b e f o r e ,  d u e  t o  t h e  d i f f e r e n c e  i n  p h y s i c o c h e m i c a l  p r o -  
p e r t i e s  b e t w e e n  C a n a d i a n  a n d  U t a h  t a r  s a n d s ,  t h e  o p t i m u m  o p e r a t i n g  
c o n d i t i o n s  a n d  t h e  p h a s e  d i s e n g a g e m e n t  m e c h a n i s m  i t s e l f  w o u l d  b e  
e x p e c t e d  t o  b e  d i f f e r e n t .  B e c a u s e  o f  t h e  h i g h  v i s c o s i t y  o f  t h e  U t a h  
b i t u m e n ,  a h i g h  s h e a r ,  s t i r r e d  t a n k  r e a c t o r  was s e l e c t e d  f o r  d i g e s t i o n  
o f  t h e  t a r  s a n d  s a m p l e s ,  a n d  w e t t i n g  a g e n t s  w e r e  a d d e d  t o  a s s i s t  t h e  
phase  d i s e n g a g e m e n t  p r o c e s s .  

A f l o w s h e e t  o f  t h e  p r o c e s s  i s  p r e s e n t e d  i n  F i g u r e  3 .  M i n e d  t a r  
s a n d  f e e d  i s  e x t r u d e d  down t o  s m a l l e r  p i e c e s  ( 3/8") a n d  f e d  t o  a 1 -  
g a l l o n ,  m o d e l  l - E - 1 5 0 - S F T N ,  s t i r r e d  t a n k  r e a c t o r ,  m a n u f a c t u r e d  b y  
Bench S c a l e  E q u i p m e n t  Co. The i m p e l l e r  f o r  t h i s  r e a c t o r  c o n s i s t s  o f  
t w o  p i t c h e d  b l a d e  t u r b i n e s ,  4 "  OD, w h i c h  c a n  be  e a s i l y  e x c h a n g e d  w i t h  
s e v e r a l  o t h e r  t y p e s  o f  t u r b i n e s  o r  p r o p e l l e r s .  A d d i t i o n a l  f e a t u r e s  
o f  t h i s  r e a c t o r  a r e  a t o r q u e m e t e r ,  a r e f l u x / t a k e o f f  c o n d e n s e r ,  a t e m p e r -  
a t u r e  c o n t r o l  a n d  h e a t i n g  s y s t e m ,  a S C R  s p e e d  c o n t r o l l e r  a n d  a t a c h o -  ' 
m e t e r .  In t h e  r e a c t o r ,  t h e  f e e d  i s  c o n t a c t e d  w i t h  t h e  h o t  a q u e o u s  
s o l u t i o n  a n d  s t i r r e d ,  a t  c o n s t a n t  t e m p e r a t u r e ,  f o r  a s p e c i f i e d  d i g e s t i o n  
t i m e .  I d e a l l y ,  a t  t h e  e n d  o f  t h e  d i g e s t i o n  s t a g e ,  t h e  b i t u m e n  h a s  
b e e n  d i s p l a c e d  f r o m  t h e  s a n d  s u r f a c e  a n d  c a n  b e  s e p a r a t e d  f r o m  t h e  
d i s p e r s e d  s a n d  i n  a s t a n d a r d  b e n c h  s c a l e  D e n v e r  f l o t a t i o n  m a c h i n e  where 
b i t u m e n  i s  f l o a t e d  w i t h  a i r .  A t  t h i s  p o i n t  i n  t h e  r e s e a r c h  p r o g r a m ,  
n o  f r o t h e r s  o r  c o l l e c t o r s  h a v e  b e e n  a d d e d  i n  t h e  f l o t a t i o n  s t a g e .  The 
h y d r o p h o b i c  b i t u m e n  c o n c e n t r a t e  r e m o v e d  f r o m  t h e  t o p  o f  t h e  f l o t a t i o n  
c e l l  w o u l d  be s e n t  t o  a r e f i n i n g  p l a n t .  On t h e  o t h e r  hand ,  t h e  h y d r o -  
p h i l i c  f r e e  s a n d  g r a i n s  s i n k  t o  t h e  b o t t o m  o f  t h e  c e l l  f o r  d i s c h a r g e ,  
t h i c k e n i n g  a n d  d i s p o s a l .  On o c c a s i o n s ,  r e l a t i v e l y  l a r g e  l u m p s  o f  n o n -  
f l o a t a b l e  b i t u m e n  a r e  f o u n d  w i t h  t h e  s a n d  t a i l s .  T h i s  m a t e r i a l  c a n  be 
r e c o v e r e d  f r o m  t h e  t a i l s ,  s i m p l y  b y  s c r e e n i n g  on  a v i b r a t o r y  s c r e e n  
( 1 4  m e s h ) .  The  s c a v e n g e r  c o n c e n t r a t e  s o  p r o d u c e d  h a s  a g r a d e  s u f f i -  
c i e n t l y  h i g h  t o  e i t h e r  b y  r e c y c l e d  o r  r e f i n e d  a s  i s .  I n  a n y  e v e n t ,  a 
s c a v e n g e r  i s  n o t  o b t a i n e d  when d i g e s t i o n  h a s  b e e n  d o n e  e f f i c i e n t l y .  
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A n a l y t i c a l  T e c h n i q u e s  

Samp les  o f  t h e  f e e d ,  c o n c e n t r a t e s  a n d  t a i l i n g s  o b t a i n e d  d u r i n g  
e x p e r i m e n t a t i o n  a r e  a n a l y z e d  t o  d e t e r m i n e  t h e i r  c o m p o s i t i o n  w i t h  r e s -  
p e c t  t o  b i t u m e n ,  s a n d  a n d  w a t e r .  F o r  t h i s  p u r p o s e ,  t h r e e  Dean a n d  
S t a r k  a s s e m b l i e s  ( F i g u r e  4 )  w e r e  s e t  up  a c c o r d i n g  t o  t h e  p r o c e d u r e  
r e p o r t e d  b y  t h e  U.S. B u r e a u  o f  M i n e s  ( 8 ) .  

A w e i g h e d  s a m p l e ,  c o n t a i n e d  i n  a d o u b l e  t h i c k n e s s  c e l l u l o s e  e x -  
t r a c t i o n  t h i m b l e ,  i s  p l a c e d  i n  t h e  n e c k  o f  a s p e c i a l l y  d e s i g n e d  r e c e i v e r  
f l a s k ,  h e l d  b y  f o u r  i n d e n t a t i o n s .  A b o u t  200 m l  o f  r e a g e n t  g r a d e  t o l u e n e  
a r e  added  t o  t h e  f l a s k  a n d  h e a t e d  t o  b o i l i n g .  T o l u e n e  v a p o r s  d i s s o l v e  
t h e  b i t u m i n o u s  m a t e r i a l s  i n  t h e  s a m p l e  a n d  a l s o ,  r e m o v e  a n y  t r a c e  o f  
w a t e r  p r e s e n t .  The v a p o r s  o f  t h e  t o l u e n e  - w a t e r  m i x t u r e  a r e  t r a p p e d  
b y  t h e  c o n d e n s e r .  Due t o  i t s  h i g h e r  s p e c i f i c  g r a v i t y ,  w a t e r  s e p a r a t e s  
f r o m  t h e  c o n d e n s a t e  a n d  i s  c o l l e c t e d  i n  t h e  c a p i l l a r y  t u b e , w h i l e  t h e  
t o l u e n e  i s  r e f l u x e d .  A f t e r  a f e w  hours  ( 4 - 6 ) ,  e x t r a c t i o n  r e a c h e s  c o m p l e -  
t i o n  and  t h e  v o l u m e  o f  w a t e r  i n  t h e  s a m p l e  c a n  be r e a d  f r o m  t h e  g r a d u a t e d  
c a p i l l a r y .  The t h i m b l e  i s  d r i e d  a n d  w e i g h e d  t o  d e t e r m i n e  t h e  a m o u n t  of 
s o l i d s  l e f t ,  a n d  t h e  b i t u m e n  i s  c a l c u l a t e d  b y  d i f f e r e n c e ,  a s s u m i n g  t h e  
d e n s i t y  o f  t h e  w a t e r  i s  e q u a l  t o  u n i t y .  T h i s  a n a l y t i c a l  t e c h n i q u e  has 
p r o v e d  t o  have  v e r y  g o o d  r e p r o d u c i b i l i t y ,  5 0 . 1 % .  
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Bitumen C h a r a c t e r i z a t i o n  

The most a p p r o p r i a t e  way t o  c h a r a c t e r i z e  t h e  raw b i tumen f o r  h o t  
w a t e r  P r o c e s s i n g  i s  by i t s  v i s c o s i t y .  The v i s c o s i t y  i s  an  i m p o r t a n t  
P r o p e r t y  o f  t h e  b i tumen and the  d e t e r m i n a t i o n  o f  i t s  dependence  on 
t e m p e r a t u r e  and sys t em c o m p o s i t i o n  w i l l  h e l p  t o  e s t a b l i s h  t h e  optimum 
c o n d i t i o n s  f o r  t h e  s e p a r a t i o n .  F u r t h e r m o r e ,  t h i s  fundamen ta l  p r o p e r t y  
i s  of  p r imary  i m p o r t a n c e  t o  i n s i t u  m i n i n g ,  r e c o v e r y ,  u p g r a d i n g  and 
m a t e r i a l  h a n d l i n g  p r o c e s s e s .  P r o c e s s  d e s i g n  w i l l  s t r o n g l y  depend u p o n  
t h e  v i s c o s i t y  o f  t h e  f e e d  and p r o d u c t s .  

Samples  o f  p u r e  b i tumen were  p r e p a r e d  by d i s s o l v i n g  t h e  f l o t a t i o n  
c o n c e n t r a t e s  o b t a i n e d  f rom H W P  e x p e r i m e n t s  w i t h  an  e x c e s s  o f  b e n z e n e ,  
a l l o w i n g  t h e  sand  r e m a i n i n g  i n  t h e  c o n c e n t r a t e  t o  s e t t l e ,  t r a n s f e r i n g  
P a r t  O f  t h e  l i q u i d  t o  a n o t h e r  v e s s e l ,  and f i n a l l y , e v a p o r a t i n g  t he  benzene  
by h e a t i n g  t h e  s o l u t i o n  on a h o t  p l a t e ,  f o r  an e x t e n d e d  p e r i o d  o f  time 
(10-15  h o u r s ) .  

The v i s c o s i t y  o f  A thabasca  and U t a h  b i t u m e n s  were  d e t e r m i n e d  w i t h  
a r o t a t i o n a l  v i s c o m e t e r ,  R o t o v i s c o .  T h i s  i n s t r u m e n t  a l l o w s  the  o p e r a t o r  
t o  s e t  t h e  t e m p e r a t u r e  o f  t h e  sample  a s  d e s i r e d ,  a d j u s t  t h e  a n g u l a r  
v e l o c i t y  o f  t h e  r o t a t i n g  bob and measu re  t h e  t o r q u e  n e c e s s a r y  t o  m a i n t a i n  
t h a t  v e l o c i t y ;  s o  t h a t ,  a f l o w  c u r v e  ( s h e a r  s t r e s s  v e r s u s  s h e a r  r a t e )  
can be o b t a i n e d ,  based  on 3 e a s i l y  d e t e r m i n e d  c a l i b r a t i o n  c o n s t a n t s .  

RESULTS A N D  DISCUSSION 

Hot Water E x t r a c t i o n  

t a b l i s h  t h e  r a n g e  o f  c o n d i t i o n s  unde r  which t h e  s e p a r a t i o n  c o u l d  be 
made. The main v a r i a b l e s  b e i n g  c o n s i d e r e d  i n  t h e  D i g e s t i o n  and  F l o -  
t a t i o n  s t a g e s  a r e  l i s t e d  i n  T a b l e  I .  

P r e l i m i n a r y  e x t r a c t i o n  e x p e r i m e n t s  were  pe r fo rmed  i n  o r d e r  t o  e s -  

T A B L E  I .  OPERATION VARIABLES CONTROLLING 
THE P E R F O R M A N C E  OF T H E  HWP 

DIGESTION: D i s c r e t e  Feed S o u r c e  

Con t inuous  Tempera tu re  

Wetting Agen t s  
I m p e l l e r  and  r e a c t o r  d e s i g n  

P e r c e n t a g e  s o l i d s  i n  t h e  v e s s e l  
D i g e s t i o n  t i m e  
Wet t ing  a g e n t s  a d d i t i o n s  
Feed s i z e  d i s t r i b u t i o n  
I n t e n s i t y  o f  a g i t a t i o n  ( R P M )  

F l o t a t i o n  R e a g e n t s  

I n t e n s i t y  o f  A g i t a t i o n  
T e m p e r a t u r e  
S o l u t i o n  pH 
F l o t a t i o n  r e a g e n t s  a d d i t i o n s  

FLOTATION : D i s c r e t e :  C e l l  Des ign  

Con t inuous  P e r c e n t a g e  S o l i d s  

Owing t o  
f o r m a t i o n  
the o v e r a  
r e q u i r e  a 

he l a r g e  number o f  v a r i a b l e s  and t h e  l a c k  o f  background i n -  
o n  t h e  s u b j e c t ,  t h e  e f f e c t  of e a c h  i n d i v i d u a l  v a r i a b l e  o n  
1 pe r fo rmance  c o u l d  n o t  be  s t u d i e d  s e p a r a t e l y  a s  t h i s  w o u l d  
ve ry  l a r g e  number o f  e x p e r i m e n t s .  R a t h e r ,  e x p e r i m e n t a l  d e s i g n  
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t e c h n i q u e s  i n  w h i c h  t h e  number  o f  e x p e r i m e n t s  i s  r e d u c e d  t o  a m in imum 
a r e  b e i n g  c o n s i d e r e d  f o r  a p p l i c a t i o n  i n  c o m b i n a t i o n  w i t h  s e v e r a l  o p t i -  
m i z a t i o n  a l g o r i t h m s .  W i t h  t h i s  a p p r o a c h ,  t h e  m a i n  o b j e c t i v e s  a r e  t o  
d e t e r m i n e  t h e  o p t i m u m  e x p e r i m e n t a l  c o n d i t i o n s  f o r  s e p a r a t i o n  a n d  t o  
f o r m u l a t e  a m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s y s t e m  r e s p o n s e  i n  t h e  
r e g i o n  o f  t h e  o p t i m u m .  T h i s  s o r t  o f  i n f o r m a t i o n ,  i f  o b t a i n e d ,  w i l l  
p r o v i d e  a s o l i d  b a s i s  f o r  t h e  d e v e l o p m e n t  o f  t h e o r e t i c a l  and s e m i -  
t h e o r e t i c a l  m o d e l s .  

The e x c e l l e n c e  o f  t h e  s e p a r a t i o n  i s  q u a n t i f i e d  n o t  o n l y  b y  t h e  
g r a d e s  o f  t h e  c o n c e n t r a t e s  a n d  t h e  r e c o v e r y  o f  t h e  d i f f e r e n t  componen ts  
b u t  a l s o  b y  t h e  c o e f f i c i e n t  o f  s e p a r a t i o n  ( C S ) ,  w h i c h  i s  d e f i n e d  as 
t h e  f r a c t i o n  o f  t h e  f e e d  m a t e r i a l  w h i c h  u n d e r g o e s  a p e r f e c t  s e p a r a t i o n ,  
w h i l e  t h e  r e s t  o f  t h e  f e e d  i s  d i s t r i b u t e d  u n c h a n g e d  i n t o  t h e  r e s p e c t i v e  
p r o d u c t  s t r e a m s ( 9 ) .  I n  t e r m s  o f  r e c o v e r i e s ,  i t  c a n  be shown t h a t  t h e  
C S  i s  e q u a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  r e c o v e r y  o f  b i t u m e n  i n  t h e  con-  
c e n t r a t e  a n d  t h e  r e c o v e r y  o f  s a n d  i n  t h e  same c o n c e n t r a t e .  

So f a r ,  HWP e x t r a c t i o n  t e s t s  h a v e  been  p e r f o r m e d  w i t h  s a m p l e s  
f r o m  t h r e e  d i f f e r e n t  U t a r  t a r  s a n d  d e p o s i t s :  A s p h a l t  R i d g e ,  P . R .  
S p r i n g  and S u n n y s i d e .  S c a n n i n g  e l e c t r o n  p h o t o m i c r o g r a p h s  o f  t h e s e  
s a m p l e s  a r e  shown i n  F i g u r e  1.  S a t i s f a c t o r y  r e s u i t s  w e r e  o b t a i n e d  
o n l y  w i t h  t h e  f i r s t  t w o  s a m p l e s ,  n a m e l y ,  A s p h a l t  R i d g e  a n d  P . R .  S p r i n g  
w h i c h  e x h i b i t e d  a f a i r l y  s i m i l a r  b e h a v i o r .  T y p i c a l  r e s u l t s  a r e  p r e s e n t e d  
i n  T a b l e  1 1 .  U n e x p e c t e d l y  h i g h  c o e f f i c i e n t s  o f  s e p a r a t i o n  a n d  r e c o v -  
e r i e s  o f  b i t u m e n  i n  t h e  c o n c e n t r a t e  w e r e  o b t a i n e d  u n d e r  t h e s e  c o n d i -  
t i o n s .  T h e s e  h i g h  c o e f f i c i e n t s  o f  s e p a r a t i o n  a r e  i n d i c a t i v e  o f  an 
e x c e l l e n t  s e p a r a t i o n  a n d  s u g g e s t  t h a t  d e v e l o p m e n t  o f  a HWP f o r  U t a h  
t a r  sands  m a y  be  p o s s i b l e .  

TABLE 11 .  HOT WATER EXTRACTION TESTS FOR 
ASPHALT R I D G E  AND P . R .  S P R I N G  SAMPLES 

EXPERIMENTAL C O N D I T I O N S  
D i g e s t i o n :  

F l o t a t i o n :  

Conc. 
T a i l  
Feed 

Conc .  
T a i l  
Feed  

W e t t i n g  A g e n t  a d d i t i o n :  0.2 (g s o d i u m  s i l i c a t e / g  

T e m o e r a t u r e :  Z O O O F  'I t a r  s a n d s  

P e r L e n t a g e  S o l i d s :  
D i a e s t i o n  t i m e :  15  m i n ;  RPM = 1 0 0 0  

6 7 % ,  b y  w e i g h t  t a r  sands  

P e r c e n t a g e  S o l i d s :  20%, b y  w e i g h t  t a r  s a n d s  
RPM = 1 2 0 0  
T e m p e r a t u r e  = 15OC 

ASPHALT R I D G E  
W e i g h t s  G r a d e  ,% 

% T a r  Sand 
1 4 . 6 8  8 3 . 7 4  1 6 . 2 6  
8 5 . 8 3  . 4 2  9 9 . 5 8  

100.00 1 2 . 6 5  8 7 . 8 6  
P.R. S P R I N G  

W e i g h t s  G r a d e  ,% 
% T a r  Sand 

2 0 . 3 8  7 0 . 5 0  2 9 . 5 0  
7 9 . 6 2  . 1 6  9 9 . 8 4  

1 0 0 . 0 0  1 4 . 5 0  8 5 . 5 0  

R e c o v e r i e s  ,% 
T a r  Sand 

9 7 . 1 5  2 . 7 2  
2 . 8 5  9 7 . 2 8  

100.00  100.00 

R e c o v e r  
T a r  

99 .12  
. 8 8  

1 0 0  . o o .  

e s  ,% 
Sand 

7 . 0 3  
9 2 . 9 7  
00 .00  
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However ,  t h e r e  i s  a n e g a t i y e  a s p e c t  r e l a t e d  t o  t h e  r e s u l t s  p r e -  
s e n t e d  i n  T a b l e  I 1  i n  t h a t ,  an  e x c e s s i v e  a m o u n t  o f  s o d i u m  s i l i c a t e  
(20% b y  W e i g h t  o f  t h e  t a r  s a n d  f e e d )  was a d d e d  a s  a w e t t i n g  a g e n t .  
When t h e  s o d i u n s i l i c a t e  a d d i t i o n  was r e d u c e d  t o  5 1 ,  t h e  d i g e s t e d  b i t u -  
men became v e r y  s t i c k y  a n d  a much l o w e r  c o n c e n t r a t e  g r a d e  o f  5 3 . 5 %  t a r  
was o b t a i n e d .  d n d e r  t h e s e  c o n d i t i o n s  t h e  r e c o v e r y  was 8 9 % .  The 
i n f e r i o r  r e s p o n s e  a t  l o w  s o d i u m  s i l i c a t e  a d d i t i o n s  may b e  r e l a t e d  t o  
t h e  p H  of t h e  d i g e s t e d  p u l p ,  whose  c r i t i c a l  r o l e  i n  b i t u m e n  d i s p l a c e -  
m e n t  has  been  r e c o g n i z e d  e l s e w h e r e  ( 4 , 6 , 1 0 ) .  

base  when c o n t a c t e d  w i t h  a c a u s t i c  s o l u t i o n .  C o n s e q u e n t l y ,  t i t r a t i o n  
c u r v e s  o f  U t a h  t a r  s a n d s  w i t h  s o d i u m  s i l i c a t e  a n d  o t h e r  c a u s t i c  s o l u -  
t i o n s  o u g h t  t o  be d e t e r m i n e d  i n  o r d e r  t o  b e  a b l e  t o  p r e d i c t  t h e  p u l p  
pH d u r i n g  d i g e s t i o n .  E q u i l i b r i u m  pH v a l u e s  r a n g i n g  f r o m  8.0 t o  8 . 5  
p r o v e d  t o  be s u c c e s s f u l  i n  p r o c e s s i n g  A t h a b a s c a  t a r  s a n d s  ( 4 ) ,  b u t  
c o r r e s p o n d i n g  e v i d e n c e  f o r  U t a h  t a r  s a n d s  h a s  n o t  b e e n  r e p o r t e d .  

Samples f r o m  S u n n y s i d e  d o  n o t  seem t o  be  a m e n a b l e  f o r  H o t  W a t e r  
e x t r a c t i o n .  T h e s e  r e s u l t s  c a n  be  e x p l a i n e d  b a s e d  on  t h e  l o w  b i t u m e n  
c o n t e n t  o f  t h e s e  s a m p l e s  ( l e s s  t h a n  8%, b y  w e i g h t )  w h i c h  g i v e s  a b r i t t l e  
n a t u r e  t o  t h e  f e e d  m a t e r i a l .  I n  f a c t ,  t h e  s a m p l e s  o b t a i n e d  c o u l d  b e  
e a s i l y  g r o u n d  t o  -65  mesh o r  f i n e r  i n  a c o n v e n t i o n a l  t u m b l i n g  m i l l .  
Such was n o t  t h e  c a s e  w i t h  s a m p l e s  f r o m  A s p h a l t  R i d g e  a n d  P . R .  S p r i n g  
w h i c h  c o u l d  o n l y  b e  r e d u c e d  i n  s i z e  t o  a l i m i t e d  e x t e n t  b y  e x t r u s i o n .  
A l s o ,  as c a n  be o b s e r v e d  i n  F i g u r e  1 ,  t h e r e  i s  a r e m a r k a b l e  c o n s t i t u -  
t i o n a l  d i f f e r e n c e  b e t w e e n  l o w  a n d  h i g h  g r a d e  t a r  s a n d s .  U n l i k e  t h e  
S u n n y s i d e  samp le  ( F i g u r e  IC), A s p h a l t  R i d g e  a n d  P.R.  S p r i n g  s a m p l e s  
( F i g u r e  l a  and  l b ,  r e s p e c t i v e l y )  e x h i b i t  a c o n t i n u o u s  b i t u m i n o u s  m a t r i x  
s u r r o u n d i n g  t h e  s a n d  g r a i n s .  W i t h  s u c h  s a m p l e s  s h e a r  f o r c e s  c a n  be  
t r a n s f e r r e d  t o  t h e  b i t u m e n - s o l i d  i n t e r f a c e  t h r o u g h  t h e  c o n t i n u o u s  m a t r i x .  
As a r e s u l t ,  d e f o r m a t i o n s  o c c u r  a t  t h e  i n t e r f a c e  w h i c h  a l l o w  f o r  t h e  
a q u e o u s  s o l u t i o n  t o  a d v a n c e  t o  t h e  i n t e r f a c e  a n d  w e t  t h e  s a n d  g r a i n s .  
I n  o t h e r  w o r d s ,  a h i g h  s h e a r  s t r e s s  f i e l d  h e l p s  t o  d e s t r o y  k i n e t i c  
b a r r i e r s  s u c h  a s  t h o s e  m e n t i o n e d  b e f o r e  a t  t h e  e n d  o f  t h e  s e c t i o n  o n  
F u n d a m e n t a l s .  On t h e  o t h e r  h a n d ,  t h e  b i t u m e n  c o n t e n t  o f  S u n n y s i d e  
s a m p l e s  i s  l o w  a n d  i s  n o t  p r e s e n t  a s  a c o n t i n u o u s  m a t r i x ;  h e n c e  t h e  
t a r  sand  p a r t i c l e s  a r e  f r e e  f l o w i n g  i n s i d e  t h e  r e a c t i o n  v e s s e l .  I n  
s u c h  c a s e s ,  i t  a p p e a r s  t h a t  s h e a r  s t r e s s  c a n n o t  b e  t r a n s f e r r e d  t o  t h e  
b i t u m e n - s o l i d  i n t e r f a c e  f o r  p h a s e  d i s e n g a g e m e n t .  A l t e r n a t i v e  p r o c e s s e s  
s u c h  a s  t h e r m o c r a c k i n g  i n  f l u i d i z e d  b e d  r e a c t o r s  seem t o  be  m o r e  a p p r o -  
p r i a t e  t o  p r o c e s s  t h e  l o w  g r a d e  t a r  s a n d s .  

t i o n  was n o t  s i g n i f i c a n t l y  i m p r o v e d  b y  i n c r e a s e d  d i g e s t i o n  t i m e s  
i n d i c a t i n g  t h a t  r e s i d e n c e  t i m e s  s h o r t e r  t h a n  1 5  m i n u t e s  may b e  a c c e p t a b l e .  

T a r  sands  i n  g e n e r a l  a r e  s l i g h t l y  a c i d i c  s o  t h a t  t h e y  w i l l  consume 

I n  m o s t  o f  t h e  e x p e r i m e n t s ,  t h e  d i g e s t i o n  t i m e  was 1 5  m i n .  S e p a r a -  

B i t u m e n  C h a r a c t e r i z a t i o n  

The f l o w  p r o p e r t i e s  o f  a f l u i d  a r e  c o m p l e t e l y  d e s c r i b e d  by t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  s h e a r  s t r e s s  a p p l i e d  t o  a f l u i d  e l e m e n t  a n d  
t h e  r a t e  a t  w h i c h  t h e  e l e m e n t  i s  d e f o r m e d  a s  a r e s u l t  o f  t h e  a p p l i e d  
s t r e s s  ( s h e a r  r a t e ) .  T h i s  r e l a t i o n s h i p  i s  c h a r a c t e r i s t i c  o f  t h e  
f l u i d  and i s  r e f e r r e d  a s  i t s  f l o w  c u r v e .  U s u a l l y ,  f l o w  c u r v e s  a r e  
d e t e r m i n e d  e x p e r i m e n t a l l y  a n d  t h e  c o l l e c t e d  i n f o r m a t i o n  i s  t h e n  
c o r r e l a t e d  on  t h e  b a s i s  o f  some s e m i - t h e o r e t i c a l  m o d e l s ,  s u c h  as t h e  
w e l l  known N e w t o n ' s  l a w  o f  v i s c o s i t y .  A N e w t o n i a n  f l u i d  i s  s u c h  t h a t  
i t s  v i s c o s i t y ,  d e f i n e d  a s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  b e t w e e n  t h e  
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a p p l i e d  s h e a r  s t r e s s  a n d  the r e s u l t i n g  s h e a r  r a t e .  i s  c o n s t a n t ,  e q u a l  
t o  t h e  s l o p e  o f  t h e  f l o w  c u r v e .  

i n  F i g u r e s  5 a n d  6 f o r  v a r i o u s  t e m p e r a t u r e s .  The e s s e n t i a l l y  l i n e a r  
r e s p o n s e  f o r  b o t h  s a m p l e s  i n d i c a t e s  t h a t  b o t h  b i t u m e n s  b e h a v e  a s  
N e w t o n i a n  f l u i d s ,  i . e .  t h e  v i s c o s i t y  i s  i n d e p e n d e n t  o f  t f i e  r a t e  o f  
s h e a r  and c a n  b e  c a l c u l a t e d  f r o m  t h e  s l o p e  o f  t h e  l i n e s ,  a t  a g i v e n  
t e m p e r a t u r e .  P e r h a p s  o f  m o r e  p r a c t i c a l  s i g n i f i c a n c e  i s  t h e  f a c t  t h a t  
t h e  v i s c o s i t y  o f  t h e  U t a h  b i t u m e n  i s  a b o u t  t w o  o r d e r s  o f  m a g n i t u d e  
g r e a t e r  t h a n  t h e  v i s c o s i t y  o f  t h e  C a n a d i a n  b i t u m e n  i n  t h e  t e m p e r a t u r e  
r a n g e  s t u d i e d ,  a s  shown b y  t h e  p l o t s  p r e s e n t e d  i n  F i g u r e  7 .  T h i s  
a c c o u n t s  f o r  t h e  f a c t  t h a t  t h e  A t h a b a s c a  t a r  s a n d s  c a n  b e  d i g e s t e d  i n  
a s i m p l e  t u m b l i n g  m i l l ,  w h i l e  t h e  U t a h  t a r  s a n d s  seem t o  r e q u i r e  i n t e n s e  
s h e a r  c o n d i t i o n s .  T h e  m e a s u r e d  t e m p e r a t u r e  d e p e n d e n c e  o f  b o t h  b i t u m e n s  
f o l l o w s  v e r y  c l o s e l y  a f u n c t i o n a l  r e l a t i o n s h i p  o f  t h e  t y p e :  

F l o w  c u r v e s  f o r  A t h a b a s c a  a n d  A s p h a l t  R i d g e  b i t u m e n s  a r e  shown 

'1: 

l.~ = v i s c o s i t y ,  p o i s e s  
T = t e m p e r a t u r e ,  O K  

A, B = e m p i r i c a l  c o n s t a n t s  1, 
I n  g e n e r a l ,  t h i s  t y p e  o f  t e m p e r a t u r e  d e p e n d a n c e  i s  o b t a i n e d  f o r  N e w t o n i a n  
f l u i d s .  F u r t h e r ,  v i s c o s i t y  m e a s u r e m e n t s  o f  A t h a b a s c a  b i t u m e n  a g r e e  
w e l l  w i t h  d a t a  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 4 ) .  

An a p p a r e n t  a c t i v a t i o n  e n e r g y  o n  t h e  o r d e r  o f  27 ( k c a l / m o l e )  was 
c a l c u l a t e d  f o r  U t a h  b i t u m e n  f r o m  t h e  d a t a  i n  F i g u r e  7 a ,  i n d i c a t i v e  o f  
t h e  f a c t  t h a t  momentum t r a n s f e r  i s  a c c o m p a n i e d  b y  r a t h e r  s i g n i f i c a n t  
s t r u c t u r a l  t r a n s f o r m a t i o n s .  

. I  
I 
i 

I 
I, 

I 
'U 

F u t u r e  s t u d i e s  o n  t h e  e f f e c t  o f  o r g a n i c  s o l v e n t s  o n  t h e  v i s c o s i t y  o f  
b i t u m e n  i s  c o n t e m p l a t e d  a s  a p a r t  o f  t h i s  r e s e a r c h  p r o g r a m .  

S U M M A R Y  A N D  CONCLUSIONS 

P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  e f f e c t i v e  d i s e n g a g e m e n t  a n d  
s e p a r a t i o n  o f  b i t u m e n  f r o m  h i g h  g r a d e  U t a h  t a r  s a n d s  ( 1 2 % , b y  w e i g h t  
b i t u m e n )  c a n  be  a c h i e v e d  b y  a h o t  w a t e r  p r o c e s s ,  i n v o l v i n g  t h e  a d d i t i o n  
o f  w e t t i n g  a g e n t s ,  d i g e s t i o n  u n d e r  h i g h  s h e a r  c o n d i t i o n s ,  a n d  f i n a l  
s e p a r a t i o n  b y  f r o t h  f l o t a t i o n .  C o e f f i c i e n t s  o f  s e p a r a t i o n  a s  h i g h  as 
0 . 9 5  have been  r e a l i z e d  f o r  t h e s e  h i g h  g r a d e  s y s t e m s .  On t h e  c o n t r a r y ,  
e f f e c t i v e  s e p a r a t i o n  o f  l o w  g r a d e  U t a h  t a r  s a n d s  ( l e s s  t h a n  8%, b y  
w e i g h t  b i t u m e n )  h a s  n o t  b e e n  a c h i e v e d .  

The p r o c e s s i n g  t e c h n i q u e  d e s c r i b e d  i n  t h i s  a r t i c l e  d i f f e r s  s i g n i -  
f i c a n t l y  f r o m  t h e  o n e  u s e d  i n  p r o c e s s i n g  C a n a d i a n  t a r  s a n d s ,  m a i n l y  
b e c a u s e  o f  a c o n s i d e r a b l e  d i f f e r e n c e  i n  t h e  v i s c o s i t y  o f  t h e  t w o  b i t u -  
mens.  E x p e r i m e n t a l  d a t a  h a v e  e s t a b l i s h e d  t h a t  U t a h  b i t u m e n ,  w h i c h  i s  
shown t o  b e h a v e  a s  a N e w t o n i a n  f l u i d ,  i s  a t  l e a s t  t w o  o r d e r s  o f  m a g n i -  
t u d e  more  v i s c o u s  t h a n  A t h a b a s c a  b i t u m e n .  

c l u s i o n s  h a v e  b e e n  o b t a i n e d :  
Thus f a r  i n  t h e  r e s e a r c h  p r o g r a m ,  t h e  f o l l o w i n g  p r e l i m i n a r y  c o n -  

1. E f f e c t i v e  s e p a r a t i o n s  b y  HWP c a n  be  a t t a i n e d  f o r  h i g h  g r a d e  t a r  
s a n d s .  
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2 .  R a t h e r  l a r g e  a d d i t i o n s  o f  a l k a l i n e  w e t t i n g  a g e n t s  a r e  

3 .  For t he  e x p e r i m e n t a l  c o n d i t i o n s  r e p o r t e d ,  s a t i s f a c t o r y  
r e q u i r e d  f o r  e f f e c t i v e  s e p a r a t i o n .  

phase d i sengagemen t  i s  a c h i e v e a b l e  w i t h  d i g e s t i o n  t i m e s  o f  
15  m i n  o r  l e s s .  
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F i g u r e  2.  HOT WATER PROCESS. B i t u m e n  D i s p l a c e m e n t .  
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F i g u r e  3 .  
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HOT WATER EXTRACTIOU PROCESS. F l o w s h e e t  
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7 R e c e i v e r  

Condenser  v- 

I n d e n t a t i o n s  - 

-i F l a s k  

M a t e r i a l :  Pyrex  Glas s  7 L 
F i g u r e  4 .  Dean & S t a r k  Tube Assembly.  
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A PROPOSED DEVELOPMENT PLAN FOR A MODIFIED 
HORIZONTAL I N  SITU EXPERIMENT 

R .  L. Wise, H .  G .  H a r r i s ,  and H.  C .  Carpenter  

Laramie Energy Research Center  
and The Un ive r s i ty  of Wyoming 

P .  0. Box 3395 Unive r s i ty  S t a t i o n  
Laramie, Wyoming 82071 

INTRODUCTION 

The o i l  s h a l e s  of Colorado, Utah, and Wyoming a r e  a p o t e n t i a l l y  impor tan t  energy 
r e source  f o r  t h e  U.S.. and a poss ib l e  s i g n i f i c a n t  c o n t r i b u t o r  t o  f u t u r e  n a t i o n a l  
energy independence. S ince  approximately 80 pe rcen t  of t hese  s h a l e  d e p o s i t s  a r e  on 
f e d e r a l  l ands ,  t h e  Government has a prime r e s p o n s i b i l i t y  t o  ensu re  t h e i r  e f f i c i e n t  
and envi ronmenta l ly  sound u t i l i z a t i o n .  

Primary e f f o r t s  t o  develop o i l  s h a l e  t o  d a t e  have emphasized a combination of 
mining and s u r f a c e  r e t o r t i n g .  An a l t e r n a t i v e  approach, i n  s i t u  ( i n  p l ace )  r e t o r t i n g ,  
has  no t  been ex tens ive ly  i n v e s t i g a t e d ,  
could be developed, however, i t  could i n c r e a s e  the  “ recove rab le  r e s e r v e s “  of  o i l  
s h a l e ,  reduce a s h a l e  o i l  i n d u s t r y ’ s  water  requi rements ,  and m i t i g a t e  t h e  environment- 
a l  impacts normally a s s o c i a t e d  wi th  mining and aboveground p rocess ing .  

I f  an  economically v i a b l e  i n  s i t u  technology 

An Accelera ted  Na t iona l  O i l  Sha le  I n  S i t u  Research Program was acco rd ing ly  formu- 
l a t e d  by a U.S. Government In te ragency  O i l  Sha le  Panel  (1) i n  March 1975. ’  A p r inc i -  
p a l  o b j e c t i v e  of t h e  r e s e a r c h  and development program i s  t o  a t tempt  t o  “advance t h e  
technology f o r  i n  s i t u  product ion  of s h a l e  o i l  t o  t h e  po in t  of  commercial f e a s i b i l i t y  
by t h e  e a r l y  1980’s.” wi th  a p p r o p r i a t e  accompanying environmental  s a fegua rds .  Both 
t r u e  i n  s i t u  and modified i n  s i t u  r e s e a r c h  p r o j e c t s  t o  produce s h a l e  o i l  a r e  inc luded  
i n  t h e  Acce lera ted  Program. 

ERDA assumed primary r e s p o n s i b i l i t y  f o r  implementing t h e  r e s e a r c h  and develop- 
ment po r t ion  of t h e  program, which c l o s e l y  r e l a t e s  o i l  s h a l e  l e a s i n g  a c t i v i t i e s  of 
t h e  U.S. Department of  t h e  I n t e r i o r  w i th  t h e  a c t i v i t i e s  of ERDA: The a c c e l e r a t e d  
program development p l an  inc ludes  two main and coord ina ted  phases .  The f i r s t  of 
t hese  i s  t h e  o f f e r i n g  f o r  s a l e  of two t r a c t s  of Fede ra l  o i l  s h a l e  l ands  l i m i t e d  t o  
development by i n  s i t u  methods. The second phase is the  r e s e a r c h  and development plan 
which is t o  be guided by t h e  results ( o r  l a c k  of r e s u l t s )  of t he  l e a s i n g  phase.’ 

Lack of i n d u s t r i a l  i n t e r e s t  i n  Wyoming o i l  s h a l e ,  which i s  t y p i c a l  of l e a n ,  thin- 
seam o i l  s h a l e  d e p o s i t s  throughout Wyoming, Colorado, and Utah, as i n d i c a t e d  by t h e  
absence of nominations,  makes i t  impera t ive  f o r  t h e  Government t o  assume a primary 
r o l e  i n  t h e  long-range, h igh- r i sk  r e s e a r c h  on t h e  s u b s t a n t i a l  thin-seam o i l  s h a l e  
r e source  va lues .  The p resen t  ERDA program on Wyoming o i l  s h a l e s  c o n s i s t s  of t h e  r e -  
s ea rch  on t r u e  i n  s i t u  process ing  now be ing  conducted by t h e  Laramie Energy Research 
Center .  

’ A j o i n t  announcement of t h e  program was made by t h e  Department of t he  I n t e r i o r  and 
ERDA a t  a Government lhdus t ry  Conference i n  Washington, D . C . ,  March 19 ,  1975. ’ Resu l t s  from t h e  Department of t h e  I n t e r i o r ‘ s  c a l l  f o r  nominations of i n  s i t u  
t r a c t s  i n  mid-1975 y ie lded  s i x  t r a c t s  nominated i n  Colorado and t h r e e  t r a c t s  nomi- 
na ted  i n  Utah. The  nominations w e r e  made by s i x  companies. No t r a c t s  were nomi- 
na ted  i n  Wyoming. A t r a c t  s e l e c t i o n s  committee s e l e c t e d  one t r a c t  i n  Colorado and 
one t r a c t  i n  Utah. Two a l t e r n a t e  t r a c t s ,  bo th  i n  Utah, w e r e  des igna ted  by t h e  
committee. 
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The proposed development p l a n  is concerned w i t h  h o r i z o n t a l  modified i n  s i t u  
r e s e a r c h ,  a s  d i s c u s s e d  i n  t h e  Acce lera ted  Program, and s p e c i f i c a l l y  w i t h  t h e  techni- 
c a l ,  economical,  and envi ronmenta l  f e a s i b i l i t y  of apply ing  a combined h o r i z o n t a l  
mining and r e t o r t i n g  technology t o  s h a l e  o i l  p roduct ion  from thin-seam o i l  s h a l e  
d e p o s i t s .  The i n i t i a l  experiments a r e  t o  be  conducted i n  t h e  30- t o  40-foot-thick 
s h a l e  s t ra ta  of e i t h e r  t h e  Laney o r  T i p t o n  members o f  t h e  Green River  Formation on 
White Mountain, 5 m i l e s  nor thwes t  of Rock S p r i n g s ,  Wyoming. 

The p r i n c i p a l  o b j e c t i v e s  of the proposed p r o j e c t  a r e  as f o l l o w s :  

1. 

2. 
3 .  

4 .  

5 .  

6.  

7. 

8. 

9.  - 
technology i n  thin-seam o i l  s h a l e  s t r a t a .  

BACKGROUND 

The Laramie Energy Research Center  i s  a p a r t  of t h e  na t ionwide  f a c i l i t i e s  of t h e  

a c o o p e r a t i v e  agreement  w i t h  t h e  Bureau of Mines and t h e  U n i v e r s i t y  of Wyoming. through I n i -  II Energy Research and Development Adminis t ra t ion .  

t i a l  work was d i r e c t e d  a t  developing pe t ro leum r e s o u r c e s  i n  t h e  Rocky Mountain region, 
and r e s e a r c h  w a s  focused  on  improving methods of r e f i n i n g  h i g h - s u l f u r ,  a s p h a l t -  

LERC w a s  opened i n  J u l y  1924, 

Develop modified i n  s i t u  recovery e n g i n e e r i n g  e x p e r t i s e  on l e a n ,  thin-seam o i l  
s h a l e  d e p o s i t s .  
Determine optimum underground s u p p o r t  d e s i g n  t o  minimize s u r f a c e  subs idence .  
Develop mining and e x p l o s i v e  b l a s t i n g  techniques  t o  ensure  d e s i r e d  v o i d  volume 
and t o  maximize r e s o u r c e  u t i l i z a t i o n .  
Design r e t o r t  c o n f i g u r a t i o n s  t o  maximize r e s o u r c e  recovery  wi th  minimum environ- 
mental  i m p a c t .  
I n v e s t i g a t e  h e a t  e f f e c t s  dur ing  r e t o r t i n g ,  i n c l u d i n g  tempera ture  g r a d i e n t s  of 
w a l l s  and s u r r o u n d i n g s .  
E s t a b l i s h  t h e  e f f e c t  of v e r t i c a l  v e r s u s  h o r i z o n t a l  sweep of t h e  o x i d i z i n g  o r  hot 
r e t o r t i n g  g a s e s .  
Examine t h e  e f f e c t s  o f  r e t o r t i n g  v a r i a b l e s  ( e . g .  s h a l e  g r a d e ,  p o r o s i t y ,  g a s  com- 

I f  p o s s i b l e ,  deve lop  technology f o r  s e n s i b l e  h e a t  and a d d i t i o n a l  hydrocarbon re- 
p o s i t i o n )  on s h a l e  o i l  y i e l d s  and s h a l e  o i l  q u a l i t y .  

covery from p r e v i o u s l y  r e t o r t e d  shales. 
Determine t h e  economic f e a s i b i l i t v  of modified i n  s i t u  h o r i z o n t a l  r e t o r t i n e  

@ 

P 
I, 

, 

.~ 

M bear ing  c rude  o i l s  of Wyoming. 

A s h i f t  of  emphasis a t  LERC t o  o i l  s h a l e  occurred  as a r e s u l t  o f  t h e  Synthe t ic  
Liquid F u e l s  A c t  enac ted  i n  1944, and s i n c e  t h a t  t i m e  a n  i n c r e a s i n g  f r a c t i o n  of the 
LERC r e s e a r c h  and development e f f o r t  h a s  been devoted t o  o i l  s h a l e .  S ince  t h e  e a r l y  
1960 ' s ,  LERC o i l  s h a l e  work h a s  been p r i m a r i l y  concerned wi th  i n  s i t u  r e t o r t i n g  
techniques .  LERC c u r r e n t l y  employs o v e r  245 e n g i n e e r s ,  s c i e n t i s t s ,  and supporting 
s t a f f ,  and i s  r e s p o n s i b l e  f o r  d i r e c t i n g  s e v e r a l  f i e l d  programs. 

F 
Since  t h e  e a r l y  1 9 6 0 ' s ,  work on o i l  s h a l e  a t  t h e  Laramie Energy Research Center 

The major e f f o r t  has  been c o n c e n t r a t e d  on development o f  i n  s i t u  r e t o r t i n g  methods. 
d i r e c t e d  a t  v e r t i c a l  r e t o r t i n g  has  been c a r r i e d  o u t  i n  a 10-ton p i l o t - s c a l e  batch 
r e t o r t  and a 150-ton semiworks batch r e t o r t .  
mental  program h a s  been  to  demonst ra te  t h e  f e a s i b i l i t y  of forward combustion r e t o r t -  
i n g  of randomly s i z e d ,  mine-run s h a l e ,  i . e .  t h e  type  of r e t o r t i n g  t h a t  would most 
l i k e l y  b e  employed i n  a v e r t i c a l ,  i n  s i t u  chimney r e t o r t .  

The o v e r a l l  o b j e c t i v e  of t h i s  experi-  

I n  t h e  O c c i d e n t a l  modified i n  s i t u  v e r t i c a l  p r o c e s s  approximately 1 5  percent  of 
t h e  s h a l e  is mined away and b l a s t i n g  expands t h e  remaining s h a l e  t o  c r e a t e  a chimney, 
c a l l e d  t h e  r e t o r t .  The  expanded, o r  r u b b l i z e d ,  s h a l e  i s  then  i g n i t e d  a t  t h e  top  and I 
v e r t i c a l  r e t o r t i n g  i s  employed € o r  o i l  p roduct ion .  A i r  is c a r e f u l l y  d i l u t e d  with re- 
c y c l e  g a s  t o  g i v e  t h e  d e s i r e d  oxygen c o n c e n t r a t i o n .  
approximate dimensions of 30 f e e t  x 30 f e e t  x 70 f e e t )  have been r e t o r t e d ;  a substan- 
t i a l l y  l a r g e r  f o u r t h  chimney (120 f e e t  x 120 f e e t  x 270 f e e t )  is c u r r e n t l y  being 
r e t o r t e d .  

To d a t e  t h r e e  ch imnies  (each wi th  

a 
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Tota l  investment by Occ iden ta l  was expected t o  reach  approximate ly  $38 MM by year  
end 1975. 

While ope ra t ing  d e t a i l s  of t h e  Occ iden ta l  p rocess  a r e  p r o p r i e t a r y ,  Occidenta l  
has  acknowledged t h e  importance of expe r i ence  ga ined  by LERC i n  guid ing  t h e i r  
development work. 
ob ta ined  i n  t h e  150-ton r e t o r t .  

I n i t i a l  exper iments  by Occ iden ta l  were based p r i m a r i l y  on r e s u l t s  

Occidenta l  has  r epor t ed  ( 2 )  approximate ly  70  pe rcen t  recovery  of  o i l  based on 
F ischer  a s say ,  wh i l e  t h e  n e t  energy e f f i c i e n c y  of t h i s  process  v a r i e s  from 55 t o  80 
Percent  f o r  o i l  s h a l e  of from 1 0  t o  40 g a l l o n s  per  t on  a s s a y .  The r a t i o  of energy 
Output t o  e n e r g y i n p u t  is from 1 0  t o  24 f o r  t h e s e  s h a l e s .  Occ iden ta l  has  s t a t e d  
t h a t  the  energy e f f i c i e n c y  could  be  inc reased  by opt imiz ing  t h e  p rocess .  
t h e  energy r equ i r ed  f o r  gas  compression was more than  50 pe rcen t  of t h e  t o t a l  energy 
i n p u t  and hence, should be  c a r e f u l l y  c o n t r o l l e d  f o r  e f f i c i e n t  o p e r a t i o n .  

For example, 

I n  a d d i t i o n  t o  t h e s e  ongoing s t u d i e s ,  numerous o t h e r  l a b o r a t o r y  and f i e l d  t e s t s  
have been proposed on v a r i a t i o n s  of  t h e  modified i n  s i t u  v e r t i c a l  r e t o r t i n g  p rocess .  
For example, Lawrence Livermore Labora tory  has  proposed a modified subleve l -caving  
mining method p r i o r  t o  i n  s i t u  r e t o r t i n g ,  i n  which i t  is claimed would, i f  i t  were 
success fu l ,  a l low $6 t o  $9 p e r  b a r r e l  s h a l e  o i l  (3 ) .  R e t o r t  s i z e s  of 100  x 100 x 
300 f e e t  and 250 x 250 x 1 ,000 f e e t  have been proposed; sma l l e r  r e t o r t s  of 50 x 50 x 
120 f e e t  have been termed "noncommercial r e t o r t s . "  

It should be noted t h a t  t h e  proposed RISE program i s  conceptua l  o n l y ,  and no 
such experiments have been conducted. I n  a d d i t i o n ,  the  proposed development e f f o r t  
fo l lows  very  c l o s e l y  t h e  work c u r r e n t l y  underway by Occidenta l .  
o t h e r  proposed techniques  a r e  a p p l i c a b l e  on ly  t o  t h e  very  t h i c k  s h a l e  beds of  Colo- 
rado; t he  t h i n n e r  s h a l e  beds of Wyoming and Utah a r e  no t  s u i t a b l e  f o r  l a r g e - s c a l e  
v e r t i c a l  r e t o r t i n g .  

F i n a l l y ,  t h i s  and 

During World War 11, underground p y r o l y s i s  of s h a l e  was a t tempted  on a semiworks 
b a s i s  ( 4 ) .  I n i t i a l  work was through p r i v a t e  e n t e r p r i s e ,  bu t  la ter  e f f o r t s  were sup- 
por ted  by t h e  German Navy. Under wartime p r e s s u r e ,  premature o p e r a t i o n  o n  a l a r g e r  
s c a l e  was a t tempted .  Hor i zon ta l  chambers, 197 f e e t  long ,  of  rubb l i zed  s h a l e  produced 
by b l a s t i n g  were i g n i t e d  a t  one end and gases  exhausted a t  t he  o t h e r  end. F i r s t ,  
c ros scu t s  6 .6  f e e t  wide and 7.2 f e e t  h igh  were d r i v e n .  The s i d e s  and r o o f s  were 
d r i l l e d  be fo re  r u b b l i z i n g  t o  a depth  of 4.9 f e e t ,  and one  pound of exp los ive  p e r  ton 
of s h a l e  was used .  S ince  30 t o  35 pe rcen t  of  t h e  s h a l e  was removed, vo ids  w e r e  30 to  
35 pe rcen t .  The d e p o s i t s  were about  28 .2  f e e t  t h i c k ,  t hus  r e t o r t i n g  t h e  f u l l  bed 
th i ckness  was no t  ach ieved  due t o  t h e  mining des ign .  Progress  of t h e  combustion f r o n t  
a long  the  top of t h e  rubb le  was f a s t e r  than  through t h e  bottom. Th i s  l e f t  un re to r t ed  
s h a l e  a t  t he  bottom and r e s u l t e d  i n  excess ive  l o s s  of o i l  by combustion, t hus  g iv ing  
a y i e l d  of on ly  30 p e r c e n t  of F i sche r  a s say .  Presumably,  gas  r e c y c l e  t o  reduce  t h e  
oxygen content  of t h e  f eed  gas  would have a l l e v i a t e d  t h i s ,  bu t  was not  t r i e d .  Modi- 
f i e d  i n  s i t u  h o r i z o n t a l  r e t o r t i n g  was t h u s  demonstrated to  be f e a s i b l e ,  bu t  because 
of poor mining and r e t o r t i n g  procedures  r e source  recovery  w a s  poor .  

Although no t  d i r e c t l y  a s s o c i a t e d  wi th  modified i n  s i t u  h o r i z o n t a l  r e t o r t i n g ,  
LERC has conducted f o r  s e v e r a l  y e a r s  a f i e l d  program d i r e c t e d  toward development of 
t r u e  i n  s i t u  h o r i z o n t a l  r e t o r t i n g .  Research on f r a c t u r i n g  o i l  s h a l e  i n  p l ace  by non- 
nuc lea r  means was i n i t i a t e d  i n  t h e  late 1960 ' s .  Three i n  s i t u  recovery  f i e l d  exper i -  
ments were des igned  and conducted by t h e  Bureau of Mines fo l lowing  t h e  f r a c t u r i n g  
s t u d i e s .  Each of t h e s e  exper iments  was based on t h e  concept of  i g n i t i n g  the  s h a l e  i n  
an i n j e c t i o n  w e l l  and f o r c i n g  ho t  gases  and l i q u i d s  h o r i z o n t a l l y  through f r a c t u r e s  to  
s e v e r a l  recovery  w e l l s  sur rounding  t h e  i n j e c t i o n  w e l l .  
by combustion wi th  compressed a i r  through t h e  i n j e c t i o n  we l l .  

The ho t  gases  were produced 
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PROPOSED OVERALL DEVELOPMENT PROGRAM 

It is proposed t h a t  t h e  o v e r a l l  development program f o r  modified h o r i z o n t a l  i n  
s i t u  r e t o r t i n g  be  d iv ided  i n t o  f i v e  consecu t ive  phases  ex tending  over  a t o t a l  of 5 
yea r s .  

- 

Phase I. P r e o p e r a t i o n a l  S tud ie s  (approximate ly  1 2  months),  i nc lud ing  ana lyses  
of corehole  and geo log ic  d a t a  and s e l e c t i o n  of  a f i e l d  s i t e ;  arrangements f o r  access  
road rights-of-way; c o n s t r u c t i o n  and maintenance of  access  roads ;  c o n s t r u c t i o n  of 
on - s i t e  suppor t  f a c i l i t i e s ;  arrangement f o r  power, water, and o t h e r  u t i l i t i e s ;  selec- 
t i o n  of subcon t rac to r s  and c o n s u l t a n t s ,  and conduct environmental  b a s e l i n e  s t u d i e s .  E 

Phase 11. P r e p a r a t i o n  o f  D e f i n i t i v e  Exper imenta l  Program (approximate ly  9 
months),  i nc lud ing  development of f i n a l  mining p l an ;  s e l e c t i o n  of f i n a l  r e t o r t  con- 
f i g u r a t i o n ( s ) ;  o v e r a l l  des ign  of exper imenta l  r u b b l i z i n g  and r e t o r t i n g  program, and 
a s soc ia t ed  o p e r a t i o n  and measurement t echn iques ;  p r e p a r a t i o n  of mathemat ica l  models 
of r e t o r t i n g  methods; c o n s t r u c t i o n  of s p e c i a l  l a b o r a t o r y  suppor t  f a c i l i t i e s ;  se lec-  
t i o n  of a s s o c i a t e d  envi ronmenta l  s t u d i e s .  w 

Phase 111. I n i t i a l  F i e l d  Pcogram (approximate ly  2 1  months),  i nc lud ing  develop- ' 

ment of h o r i z o n t a l  mine and i n i t i a l  exper imenta l  r e t o r t s ;  conduct of f i r s t  genera t ion  
rubb l i z ing  and r e t o r t i n g  experiiilents, us ing  d i r e c c  combustion and a l s o  hot  gas injec- 
t i o n ;  eva lua t ion  of d a t a  t o  i d e n t i f y  c r i t i c a l  parameters ;  performance of environmental  
r e sea rch  s t u d i e s  t o  q u a n t i f y  accompanying l a n d ,  water, and air impacts ;  completion 
of a s soc ia t ed  l a b o r a t o r y  a n a l y s e s .  

Phase I V .  Expanded F i e l d  Program and Suppor t ing  S t u d i e s  (approximate ly  18 
months),  i nc lud ing  m o d i f i c a t i o n  o f  i n i t i a l  r e t o r t  des igns ;  d e t a i l e d  eva lua t ion  of re- 
t o r t i n g  parameters ;  de t e rmina t ion  of d e f i n i t i v e  h e a t  and m a t e r i a l  ba l ances  and y i e lds ;  
c h a r a c t e r i z a t i o n  of product  o i l s ,  g a s e s ,  and s p e n t  s h a l e s ;  i d e n t i f i c a t i o n  and measure- 
ment of a i r  emis s ions ,  aqueous e f f l u e n t s ,  l e a c h a t e s ,  and s o l i d  was te s ;  assessment  of 
environmental  impacts on  a i r ,  water ,  and l a n d ;  d e s i g n  of s u i t a b l e  p o l l u t i o n  con t ro l  
methods f o r  f u t u r e  i n  s i t u  f i e l d  programs. I 

P Phase V.  Techn ica l ,  Environmental ,  and Economic Eva lua t ion  of Commercial 
Opera t ions  (approximate ly  12 months),  i nc lud ing  e s t ab l i shmen t  of des ign  parameters 
f o r  commercial-scale modi f ied  i n  s i t u  r e t o r t i n g ;  assessment  of t e c h n i c a l  f e a s i b i l i t y  
of commercial-scale i n  s i t u  p l a n t ;  a n a l y s i s  of  economics of f u l l - s c a l e  i n  s i t u  sha le  
o i l  p roduct ion;  e v a l u a t i o n  of environmental  impacts  of commercial-scale ope ra t ions ,  
and c o n t r o l  methods r e q u i r e d ;  recommendations r ega rd ing  i n d u s t r i a l  i n  s i t u  s h a l e  o i l  
p roduct ion  from t h i n  o i l  s h a l e  s t r a t a .  

SITE LOCATION STUDIES 

I, 

II 
E 

E 

LERC has  a l r eady  conducted p re l imina ry  s t u d i e s  t o  i d e n t i f y  p o t e n t i a l  f i e l d  s i t e s  
Three  primary c r i t e r i a  were used t o  e v a l u a t e  such f o r  t he  proposed r e s e a r c h  program. 

sites. F i r s t ,  t h e  s h a l e  d e p o s i t  should be r e p r e s e n t a t i v e  of t h e  r e source  base  which 
w i l l  be u l t i m a t e l y  a v a i l a b l e  f o r  commercial development by a combined h o r i z o n t a l  
mining and r e t o r t i n g  p rocess .  Based on  t h i s  requi rement ,  on ly  s h a l e  d e p o s i t s  of 15 
t o  25 gpt average  r i c h n e s s ,  w i th  a t h i c k n e s s  of approximate ly  50 f e e t  were considered. 
Second, t h e  s h a l e  d e p o s i t  should ou tc rop  i n  o rde r  t o  avoid  expens ive  i n i t i a l  under- 
ground mining and s i te  development.  T h i r d ,  l o c a t i o n  of t h e  d e p o s i t  should be  acces- 
s i b l e  and i n  r easonab le  proximi ty  to  a popu la t ion  c e n t e r ,  aga in  t o  minimize f i e l d  
development c o s t s  and ha rdsh ip  t o  f i e l d  workers.  

It should be  emphasized t h a t  t h e s e  c r i t e r i a  were s p e c i f i c a l l y  employed i n  evalua- 
t iOn of  p o t e n t i a l  sites f o r  t h i s  program's i n i t i a l  f i e l d  development work. However, 
r e s u l t s  from the  R & D program w i l l  b e  a p p l i c a b l e  to  a wide range  of thin-bed sha le s  
l o c a t e d  over  a wide geograph ica l  area. Other  f a c t o r s ,  of secondary importance,  Were 
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a l s o  considered and a r e  d i scussed  below. A number of p o s s i b l e  s i t e s  were i n v e s t i -  
ga ted  i n  Colorado, Utah, and Wyoming. Based on t h e  fo rego ing  t h r e e  c r i t e r i a ,  however, 
t he  most favorable  p o t e n t i a l  l o c a t i o n s  w e r e  determined t o  be i n  t h e  White Mountain 
r eg ion  of western Wyoming where two si tes have been nominated. 

White Mountain is an  u p l i f t  i n  which weather ing  has  exposed two members of t h e  
Green River o i l  s h a l e  Formation, v i z ,  t h e  Laney and t h e  T ip ton  ( i n  descending  o r d e r ) .  
The geology and geochemistry of o i l  s h a l e  fo rma t ion  f o r  t h i s  r eg ion  have been  des- 
c r ibed  elsewhere ( 5 ) .  The crest of  White Mountain runs  i n  a n o r t h e a s t e r l y  d i r e c t i o n ,  
and a t  its nea res t  po in t  i s  w i t h i n  approximate ly  4 miles of Rock Spr ings ,  Wyoming. 
Both t h e  Laney and the  T ip ton  members ou tc rop  i n  t h i s  r eg ion ,  and s h a l e s  of  s u i t a b l e  
r i c h n e s s  and th i ckness  occur  i n  these  members. Thus, a l l  primary c r i t e r i a  are m e t  by 
t h i s  r eg ion .  I n  a d d i t i o n ,  t h i s  r eg ion  i s  on ly  a few m i l e s  from LERC t r u e  i n  s i t u  
f i e l d  t e s t  s i t e s ,  and t h e r e f o r e  o f f e r s  a f a v o r a b l e  s t r a t e g i c  l o c a t i o n  f o r  f u t u r e  
p r o j e c t  management. 

I n  order  to p inpo in t  s p e c i f i c  s i tes s u i t a b l e  f o r  t h e  f i e l d  s t u d i e s ,  LERC i n i -  
t i a t e d  i n  1974 a co reho le  program t o  accumulate d a t a  on bo th  the  Laney and T ip ton  
members of t he  Green River o i l  s h a l e  Formation. Ex tens ive  co reho le  d a t a  has  been ob- 
t a ined  a t  two s e p a r a t e  sites. To d a t e  s i x  co reho les  have been d r i l l e d  and assayed  a t  
a t o t a l  c o s t  of approximate ly  $62,000, and f u r t h e r  work i s  planned. De ta i l ed  i n f o r -  
mation on t h e  White Mountain co reho le  program i s  conta ined  i n  LERC c o r e  a n a l y s i s  
f i l e s  (6 ) .  Loca t ion  of t h e  two s i t e s  i s  g iven  i n  f i g u r e  1. Although b o t h  of t h e  
sites a r e  cons idered  s u i t a b l e ,  s i t e  1 i n  t h e  Laney member is somewhat favored  and has  
been used i n  p re l imina ry  p l ann ing  and c o s t  e s t ima t ing .  
based on p repa ra t ion  of t h e  d e f i n i t i v e  exper imenta l  program. 

F i n a l  s i t e  s e l e c t i o n  w i l l  be 

I n  a d d i t i o n  t o  the  co reho le  program, envi ronmenta l  s t u d i e s  have been  i n i t i a t e d  
i n  t h e  White Mountain r e g i o n  and a r e p o r t  t i t l e d  "An Environmental  Reconnaissance 
Study f o r  Sweetwater County I n  S i t u  O i l  Sha le  Research" has  been completed ( 7 ) .  
purpose of t h e  r e p o r t  i s  to i d e n t i f y  t h e  r e g u l a t o r y  requi rements ,  agenc ie s ,  and en- 
v i ronmenta l  components of concern i n  t h e  r e s e a r c h  a rea .  These d a t a  w i l l  b e  used i n  
p repa r ing  t h e  Environmental  Assessment Repor t  (EAR) f o r  t h i s  p r o j e c t .  To d a t e  appro- 
x imate ly  $35,000 h a s  been inves t ed  i n  t h e  environmental  s t u d i e s .  These p re l imina ry  
s t u d i e s  r ep resen t  a s u b s t a n t i a l  e f f o r t  i n  b e t t e r  d e f i n i n g  t h e  modified i n  s i t u  
h o r i z o n t a l  r e t o r t i n g  program. 

The 

M I N I N G  PROGRAM 

Objec t ives  

The mining r e l a t e d  o b j e c t i v e s  of t h e  program a r e  as fo l lows:  

Develop b l a s t i n g  techniques  t o  op t imize  o i l  y i e l d  by ob ta in ing  a uni form f r ag -  
menta t ion  and void d i s t r i b u t i o n  wi th  t h e  r e t o r t  mass us ing  conven t iona l  mine 
b l a s t i n g  agen t s  and equipment.  
Confirm t h e o r e t i c a l  des ign  d a t a  r e l a t i n g  t o  h e a t  e f f e c t s  on mine p i l l a r s  and 
openings.  
Design r e t o r t  c o n f i g u r a t i o n  based on d a t a  from a and b. 
Design gene ra l  mine p l a n  based on c, wi th  adequate  mine s t r u c t u r a l  components t o  
minimize envi ronmenta l  impact.  

The f i r s t  o b j e c t i v e  of  de te rmining  t h e  c o r r e c t  b l a s t  h o l e  d r i l l i n g  and b l a s t i n g  

( a )  

(b) 

(c )  
(d) 

procedures  must be inco rpora t ed  wi th  r e t o r t i n g  technology t o  complete t h e  u n i t  r e t o r t  
con f igu ra t ion .  

I n  add i t ion ,  t h e  conf i rma t ion  of t h e  b l a s t i n g  method w i l l  d e f i n e  t h e  void  r a t i o  
which i n  t u r n  de te rmines  t h e  q u a n t i t y  of  mined m a t e r i a l  t o  be  handled and d isposed  
of on su r face .  
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Other mining c o s t s  such as t u n n e l l i n g ,  r a i s i n g ,  and b l a s t  ho le  d r i l l i n g  can be 
es t imated  with r e a s o n a b l e  r e l i a b i l i t y .  

The normal swell c h a r a c t e r i s t i c  o r  i n c r e a s e  i n  volume between a s o l i d  b lock  and 
i t s  b la s t ed  broken volume i s  53  pe rcen t  f o r  most o i l  s h a l e  fo rma t ions ;  t h i s  r e s u l t s  
i n  35-percent vo ids .  
granulometry of t h e  r u b b l e  can  be ob ta ined  by us ing  more exp los ives ,  and va ry ing  the 
sequence of  t he  d e t o n a t i o n  i n  o r d e r  t o  v i b r a t e  o r  c o n s o l i d a t e  t h e  broken mass t o  ob- 
t a i n  t h e  necessary  volume and void  r a t i o .  The de te rmina t ion  of t h e  pe rcen tages  of 
vo ids  can only be  a s c e r t a i n e d  by o n - s i t e  t e s t i n g  due t o  t h e  phys ica l  v a r i a t i o n s  i n  
a l l  rock format ions .  

In orde r  t o  r educe  t h e  void  r a t i o  below 35 p e r c e n t ,  a f i n e r  

Occidenta l  O i l  S h a l e ,  I n c . ,  o p e r a t o r s  of a l a r g e  i n  s i t u  demonst ra t ion  p r o j e c t  
i n  Colorado have i n d i c a t e d  t h a t  s u c c e s s f u l  r e t o r t i n g  has  been accomplished us ing  a 
15-percent void volume whi l e  a 10-percent vo id  volume r e s u l t e d  i n  poor o i l  r ecove r i e s .  
Therefore ,  t h e  r e s u l t s  o f  t h i s  r e sea rch  must de te rmine  t h e  p r a c t i c a l  l i m i t s  f o r  the 
void  volume. 

Assuming i d e a l  p a r t i c l e  s i z e  and void  d i s t r i b u t i o n ,  t h e  probably  void  volume 
would be 28 to  3 2  p e r c e n t .  T h i s  appea r s  t o  be  r e f l e c t e d  by t h e  German exper ience ,  
as d iscussed  i n  an  e a r l i e r  s e c t i o n ,  w i th  r ega rd  t o  exp los ives  consumption of 1 pound 
pe r  ton  of  s h a l e ,  which i s  double  t h e  q u a n t i t y  r equ i r ed  f o r  normal e f f i c i e n t  b l a s t -  
i ng  ope ra t ions  f o r  room-and-pillar mining of s h a l e .  It is  assumed t h e  o b j e c t i v e  of 
t h e  Germans was t o  o b t a i n  a l a r g e  percentage  of  sma l l - s i ze  fragments i n  t h e  t o t a l  
granulometry.  

P i l o t  Mining P l a n  

The p i l o t  mining p l an ,  as c u r r e n t l y  env i s ioned ,  w i l l  be t o  f i r s t  d r i v e  a double 
The e n t r y  a d i t s  o r  t unne l s  w i l l  be tunne l  access  i n t o  an  o f f s e t  r e t o r t  mining a r e a .  

approximately 1 0  f e e t  h igh  x 1 2  f e e t  wide and t h e  r e t o r t  area w i l l  b e  pos i t i oned  a s  
c l o s e  as p o s s i b l e  t o  t h e  tunne l  p o r t a l  a r e a ,  b u t  beyond any e f f e c t s  of s u r f a c e  
weather ing  and j o i n t i n g .  Th i s  is assumed t o  be  approximate ly  400 f e e t  from t h e  
p o r t a l .  A r e t o r t  a c c e s s  tunne l  w i l l  t hen  be d r i v e n  a s u f f i c i e n t  d i s t a n c e  t o  i n i t i a l l y  
permi t  l ay ing  o u t  of s e v e r a l  test a r e a s .  The l o c a t i o n  and d i r e c t i o n  of t h e  mine 
workings w i l l  b e  o r i e n t e d  t o  work up t h e  d i p  of  t h e  rock  format ion .  

The p o r t a l  bench w i l l  be l eve led  t o  p rov ide  space  f o r  a v e n t i l a t i n g  f a n ,  ad- 
m i n i s t r a t i v e  and change f a c i l i t i e s ,  material s t o r a g e  and warehousing, and r e t o r t  
suppor t  f a c i l i t i e s .  The l o c a t i o n  w i l l  t a k e  i n t o  c o n s i d e r a t i o n  p o t e n t i a l  f l ood ing ,  
was te  rock d i s p o s a l ,  a c c e s s i b i l i t y ,  and t h e  ho r i zon  t o  be mined. The bench s i z e  w i l l  
be approximately 100 f e e t  by 200 f e e t .  

A s  t h e  r e t o r t  a c c e s s  d r i f t  i s  s t a r t e d  from t h e  a d i t s  a t  t h e  f l o o r  l e v e l  of the  
r e t o r t  mine bed, a ramp a c c e s s  t o  t h e  top  l e v e l  of t h e  bed w i l l  be  excavated  and a 
top  l e v e l  r e t o r t  a c c e s s  d r i f t  w i l l  be d r i v e n  above t h e  one on t h e  main o r  f l o o r  l eve l .  

A wid th  of 35 f e e t  has  been assumed a s  t h e  th i ckness  f o r  t h e  p i l l a r  w a l l s .  It 
i s  f u r t h e r  assumed t h e  mining hor izon  w i l l  be 40 f e e t  t h i c k  and t h a t  t h e  overburden 
w i l l  be approximate ly  800 f e e t .  The 35-foot-wide p i l l a r s  w i l l  have t o  be  v e r i f i e d ,  
p a r t i c u l a r l y  wi th  r ega rd  t o  t h e  e f f e c t  of r e t o r t i n g  tempera ture .  The f i r s t  exper i -  
menta l  a r e a  w i l l  be set back 70 f e e t  from t h e  a x i s  of t h e  main a c c e s s  a d i t s  and 40 
f e e t  from the  r e t o r t  access d r i f t .  

The f i r s t  r e t o r t  s t o p e  area is sugges ted  t o  be  40 f e e t  x 40 f e e t  and opened a t  
t h e  bottom l e v e l  t o  b e g i n  t e s t i n g  d r i l l  ho le  and b l a s t i n g  methods. 
l e n g t h  of b l a s t  ho le  w i l l  be  20 f e e t ,  from which d a t a  can  be der ived  i n  s c a l i n g  up 
t o  longer  and l a r g e r  b l a s t s .  It w i l l  be  necessary  t o  excavate  t h e  r u b b l e  from t h i s  
a r e a  t o  de te rmine  granulometry ,  and t o  assess t h e  d r i l l  p a t t e r n  e f f i c i e n c y .  Th i s  

The minimum 
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mined-out space  can then  be used f o r  r e t o r t i n g  experiments by r echa rg ing  rubb le  t o  
o b t a i n  r e s u l t s  from a known o r  predetermined base .  

The second r e t o r t  w i l l  then  be l a i d  o u t  t o  i n c o r p o r a t e  t h e  expe r i ence  of  t h e  
Area w i l l  a l s o  be allowed t o  d r i v e  a second p a r a l l e l  r e t o r t  access  d r i f t ,  f irst .  

if requ i red ,  on both  t h e  main and top  l e v e l s .  

The development headings  w i l l  be  v e n t i l a t e d  by exhaus t ing  through a v e n t  p i p e .  
The f a n s  w i l l  b e  mounted i n  s e r i e s  a s  t h e  d i s t a n c e  from t h e  p o r t a l  i n c r e a s e s .  A 
r a i s e  t o  the  s u r f a c e  w i l l  be bored f o r  improved v e n t i l a t i o n  when t h e  i n i t i a l  system 
reaches  i t s  l i m i t s  of e f f e c t i v e n e s s .  

The above-described p i l o t  mining p l an  i s  p resen ted  schemat i ca l ly  i n  f i g u r e  2 .  

Commercial P r o j e c t i o n  

A pre l iminary  concept  has  been p r o j e c t e d  f o r  a commercial, thin-seam, modified 
i n  s i t u  o i l  s h a l e  p r o j e c t .  Based on a v a i l a b l e  informat ion ,  it is be l i eved  t h a t  f o r  
a commercial p r o j e c t  t o  be v i a b l e ,  s u r f a c e  r e t o r t s  would have t o  be inc luded  t o  
supplement i n  s i t u  r e t o r t s .  The s u r f a c e  r e t o r t s  would process  t h a t  s h a l e  which has  
t o  be mined t o  provide  t h e  vo id  volume f o r  i n  s i t u  r e t o r t i n g .  

A t h e o r e t i c a l  mining p l an  f o r  a commercial i n  s i t u  p r o j e c t  has  been developed 
and i s  shown schemat i ca l ly  i n  f i g u r e  3.  The h o r i z o n t a l  r e t o r t  having t h e  dimensions 
of 40 f e e t  h igh  by 60 f e e t  wide by 500 f e e t  long  would be prepared .  
pane l  t he  f i r s t  s t e p  would be  t o  d r i v e  an  e n t r y  20 f e e t  h igh  by 40 f e e t  wide by 500 
f e e t  long  to  provide  a void volume of  about  30 pe rcen t .  
used t o  d r i l l  t h e  b l a s t  ho le s .  B l a s t i n g ,  o r  r u b b l i z i n g ,  would be accomplished i n  
20-foot s t e p s ,  wh i l e  backing up through t h e  e n t r y .  
s e c t i o n ,  a t r ench  would be bored i n  t h e  f l o o r  of  t h e  e n t r y  i n  which would be  p laced  
t h e  combustion a i r l i n e  and a pe r fo ra t ed  o i l  d r a i n l i n e .  The most economical,  s imp les t  
system must be  used f o r  provid ing  combustion a i r ,  o i l  d r a i n i n g ,  and f l u e  gas  removal. 

The b a s i s  of  t h e  commercial p r o j e c t i o n  is 50,000 bpd t o t a l  oil produc t ion ,  us ing  

I n  a s i n g l e  

A r a d i a l  jumbo would be 

Before b l a s t i n g  each  20-foot 

t h e  fo l lowing  assumptions: 

1. 50,000 tons /day  of o i l  s h a l e  w i l l  be  mined f o r  c r e a t i n g  t h e  void  volume; t h i s  

2 .  
3. The s h a l e  seam w i l l  be 40 f e e t  t h i c k  and w i l l  con ta in  20 g p t  by F i sche r  a s say .  
4. 
5. 
6. The combustion advance ra te  w i l l  be  1 f t / h r ,  which could be  accomplished on ly  

m a t e r i a l  w i l l  be s u r f a c e  r e t o r t e d .  
100,000 tons/day of o i l  s h a l e  w i l l  be  rubb l i zed  f o r  i n  s i t u  r e t o r t i n g .  

The o i l  recovery  f o r  t he  s u r f a c e  r e t o r t  w i l l  be 100 pe rcen t .  
The o i l  recovery  f o r  t he  i n  s i t u  r e t o r t  w i l l  be 50 pe rcen t .  

by f i n e  r u b b l i z i n g .  

For the  commercial o p e r a t i o n ,  1-2/3 pane l s  of t h e  40-foot by 60-foot by 500-foot 
pane l s  would have t o  be mined and rubb l i zed  each day .  
s i t u  o i l ,  33 of t he  pane l s  would s imul taneous ly  be i n  ope ra t ion .  

To g ive  some concept  of t h e  a e r i a l  e x t e n t  of t h e  o p e r a t i o n ,  t h e  advance of t h e  

To produce 25,000 bpd of i n  

mining ope ra t ion  would be  approximate ly  3 a c r e s  per  day. 
r equ i r ed  f o r  a 15-year o p e r a t i o n  would be around 20,000 a c r e s  or 30 squa re  m i l e s .  

The amount of s u r f a c e  a r e a  

The purpose of p i l o t  mining as desc r ibed  i n  t h e  preceding  subsec t ion ,  would be 
t o  provide  conf i rming  d a t a  f o r  t he  commercial o p e r a t i o n .  

RETORTING PROGRAM 

Re to r t ing  Parameters 
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Modified h o r i z o n t a l  r e t o r t i n g  refers b road ly  t o  t echn iques  f o r  recovery  o f  o i l  
from s h a l e  by: (1) H o r i z o n t a l  mining t o  c r e a t e  t h e  d e s i r e d  void  f r a c t i o n ,  (2) rub- 
b l i z a t i o n  through e x p l o s i v e  f r a c t u r i n g ,  and (3) r e t o r t i n g  of t h e  h o r i z o n t a l  bed by 
i n j e c t i o n  of oxygen o r  h o t  sweep gases .  
h o r i z o n t a l  sweep of t h e  o x i d i z i n g  o r  ho t  r e t o r t i n g  gas ,  by v e r t i c a l  sweep of t h e  
gases  v i a  a gas  d i s t r i b u t i o n  system, o r  by a combination of t h e  two. 
o b j e c t i v e  of t h e  proposed program i s  t o  e s t a b l i s h  t h e  e f f i c i e n c y  of t h e s e  p o s s i b l e  
r e t o r t i n g  techniques .  

The a c t u a l  r e t o r t i n g  process  may be through 

A p r i n c i p a l  

It is g e n e r a l l y  accep ted  t h a t  t h e r e  are f i v e  pr imary  v a r i a b l e s  which c o n t r o l  i n  
s i t u  r e t o r t i n g  techniques :  (1) Sha le  r i c h n e s s  ( g p t ) ,  (2)  void volume a s s o c i a t e d  w i t h  
t h e  s h a l e  rubb le ,  (3) oxygen con ten t  of t h e  r e t o r t i n g  g a s  medium, (4) c ros s - sec t iona l  
a r e a  of t h e  r e t o r t ,  and (5) h e i g h t  o r  l e n g t h  of  t h e  r e t o r t .  Secondary v a r i a b l e s  
a s s o c i a t e d  w i t h  each of t h e s e  primary v a r i a b l e s  inc lude  product  recovery  (gas  and o i l ) ,  
s u p e r f i c i a l  gas  v e l o c i t y ,  s w e l l  f a c t o r ,  burn  r a t e ,  r e t o r t  l i f e ,  r e t o r t  p roduct ion ,  
and many more. 

LERC has  conducted tests us ing  10- and 150-ton aboveground r e t o r t s  des igned  t o  
s imula t e  i n  s i t u  r e t o r t i n g  cond i t ions  s i n c e  1967. A g r e a t  d e a l  of t h e  in fo rma t ion  
from these  r e t o r t s  h a s  been  u t i l i z e d  by Garrett Research ,  Inc .  (now Occ iden ta l  O i l  
Sha le  Corp.) t o  deve lop  t h e i r  i n  s i t u  p rocess  c u r r e n t l y  be ing  t e s t e d  nea r  DeBeque, 
Colo. S ince  ve ry  l i t t l e  in fo rma t ion  is a v a i l a b l e  concern ing  t h e  Garrett p rocess  and 
i t s  p o s s i b l e  a p p l i c a t i o n  to thin-bed s h a l e s ,  optimum v a l u e s  f o r  t h e  v a r i o u s  r e t o r r i n g  
v a r i a b l e s  a r e  n o t  y e t  known. I n  order  t o  p rov ide  t h i s  i n fo rma t ion ,  and s p e c i f i c a l l y  
t o  deve lop  i n  s i t u  t echn iques  t o  recovery o i l  from thin-seamed o i l  s h a l e  d e p o s i t s ,  a 
series of  tests have been des igned  t o  provide  in fo rma t ion  concerning t h e  r e t o r t i n g  
v a r i a b l e s  p rev ious ly  mentioned. 

Based on r e s u l t s  from t h e  10- and 150-ton aboveground r e t o r t s ,  o i l  recovery  i s  
a f u n c t i o n  of t h e  s u p e r f i c i a l  g a s  v e l o c i t y  and oxygen con ten t  of t h e  r e t o r t i n g  gas 
stream. I n i t i a l  t e s t  c o n d i t i o n s  w i l l  be  s e l e c t e d  t o  c o i n c i d e  wi th  ranges  t h a t  have 
y i e lded  the  b e s t  r e s u l t s  i n  t h e  150-ton r e t o r t .  These c o n d i t i o n s  would have t h e  
fo l lowing  ranges .  

Re to r t ing  v a r i a b l e  Range 

void volume 15 - 40 p c t  
oxygen c o n t e n t  14  - 18  p c t  
a i r  r a t i o  12,000 s c f / t o n  
r e t o r t i n g  rate 0.1-2.0 f t / h r  
r e t o r t i n g  area (width,  l eng th )  40 x 40 - 60 x 500 f t  
r e t o r t  h e i g h t  25-40 f t  

Methods of Hea t ing  

The major t echn iqucs  f o r  r e t o r t i n g  t h e  rubb l i zed  s h a l e  produced i n  t h e  modified 
h o r i z o n t a l  i n  s i t u  program i n c l u d e  (1) d i r e c t  combustion of t h e  carbonaceous r e s i d u e  
on t h e  spen t  s h a l e ,  and (2) i n j e c t i o n  of h o t  gases  (e .g . ,  hot r e c y c l e  gases )  i n t o  
t h e  rubb le  bed. It is  a l s o  p o s s i b l e  t o  u s e  h o t  f l u i d s  i n j e c t i o n  ( e .g . ,  superhea ted  
s team) ,  bu t  t h i s  i s  n o t  i n i t i a l l y  contemplated f o r  t h e  White Mountain sites. 
b i l i t y  of  exper imenta l  d e s i g n  w i l l  a l low a p p l i c a t i o n  of a p p r o p r i a t e  techniques  a t  
s e l e c t e d  d e c i s i o n  p o i n t s .  

F lex i -  

Direct Combustion. T h i s  is t h e  convent iona l  method of i n  s i t u  r e t o r t i n g ,  which 
is e s s e n t i a l l y  a n  underground adap ta t ion  of  s u r f a c e  gas  combustion r e t o r t i n g .  
bed o f  rubb l i zed  s h a l e  i s  i g n i t e d  a t  t h e  top  wi th  a mix tu re  of  air  and gaseous 
f u e l .  As combustion p roceeds ,  a downward-moving h e a t  f r o n t  r e t o r t s  t h e  s h a l e  
benea th  i t .  
s h a l e  o i l  d r a i n s  t o  t h e  bottom and i s  pumped t o  t h e  s u r f a c e  from c o l l e c t i n g  t renches  

The 

The s h a l e  o i l  vapor s  condense on t h e  c o l d  s h a l e  below. The r e s u l t i n g  
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on the  f l o o r  of t h e  chimney. 
a r e  recyc led  t o  t h e  r u b b l e  bed and burned f o r  a d d i t i o n a l  hea t .  The remain ing  gas  
i s  withdrawn. 
F i sche r  assay .  

Approximately 45 percen t  of t h e  r e t o r t  gases  produced 

N e t  r ecovery  of o i l  i s  expected t o  be approximate ly  50 pe rcen t  of 

The major d i sadvantage  of t he  process  i s  t h e  p roduc t ion  of  l a r g e  q u a n t i t i e s  of 
low Btu gas (50 t o  150 Btu/cu f t )  a t  about  3 p s i g  p re s su re .  
d i r e c t l y  to  t h e  atmosphere.  
va lue  i t  w i l l  r e q u i r e  e i t h e r  c a t a l y t i c  fu rnaces  o r  supplementa l  f u e l  f o r  d i s p o s a l  by 
burning. I t  might conce ivably  be used f o r  power gene ra t ion  i n  s p e c i a l l y  des igned  
t u r b i n e s  used on si te,  bu t  t h i s  may n o t  be economical. 

Th i s  gas  cannot  be vented 
In a d d i t i o n ,  i f  i t  i s  l e s s  than 100  Btu /cu  f t  h e a t i n g  

I n j e c t i o n  of Hot Gases. I f  ho t  gases  are used f o r  h e a t i n g  i n s t e a d  of i n  s i t u  
combustion wi th  a i r ,  a r e t o r t  o f f g a s  o f  500 t o  800 Btu/cu f t  is  ob ta ined .  One 
method of producing t h e s e  h o t  gases  is t o  h e a t  r e c y c l e  r e t o r t  gases  t o  around 1200' F 
i n  an e x t e r n a l  fu rnace ,  us ing  approximate ly  5 percen t  of t h e  r e c y c l e  gas  i t s e l f  as a 
f u e l  i n  the  fu rnace .  The f u e l  gas p o r t i o n  of t h e  r e c y c l e  g a s ,  of cour se ,  would re- 
q u i r e  amine t rea tment  f o r  H1S removal p r i o r  t o  use  a s  e x t e r n a l  fu rnace  f u e l .  Hydro- 
gen s u l f i d e  removal would a l s o  be r equ i r ed  f o r  t h e  500 t o  800 Btu/cu f t  gas  removed 
from t h e  system f o r  u s e  i n  power gene ra t ion ,  etc., 

One a l t e r n a t i v e  t o  the  above method would be t o  u t i l i z e  a hea ted  gas o t h e r  than  
r e t o r t  r ecyc le  gases  as a h e a t i n g  medium. Hot methane (hot  n a t u r a l  gas )  has  been  
employed i n  t h e  pas t  f o r  t h i s  purpose.  

In order  t o  recover  t h e  h e a t  from the  f i n a l  bottom one- th i rd  of t h e  r u b b l e  bed 
i t  has  been sugges ted  t h a t ,  when e x i t  gas  t empera tu res  from t h e  bed reach  approxi -  
mately 200" F, t h e  r e s i d u a l  lower hot  zone be advanced by r e c y c l i n g  cooled  product  
gases  from an  a d j o i n i n g  v e r t i c a l  r e t o r t .  

Evalua t ion  of  R e t o r t i n g  Methods 

General.  The r e t o r t i n g  methods s e l e c t e d  from t h o s e  desc r ibed  above w i l l  be 
eva lua ted  on t h e  b a s i s  of o i l  y i e l d ,  o i l  q u a l i t y ,  gas  y i e l d ,  gas  q u a l i t y ,  s u r f a c e  sub- 
s idence ,  thermal p o l l u t i o n ,  a i r  p o l l u t i o n ,  subsu r face  p o l l u t i o n ,  and on-stream e f f i -  
c iency .  

ENVIRONMENTAL RESEARCH PROGRAM 

The environmental  d i s tu rbances  genera ted  by t h e  mining and i n  s i t u  r e t o r t i n g  
covered i n  t h i s  proposa l  w i l l  be addressed  by a concurren t  r e s e a r c h  program des igned  
t o  genera te  d a t a  on t h e s e  concerns .  
l and ,  water ,  and air  r e sources .  The o v e r a l l  environmental  r e s e a r c h  program w i l l  be 
designed to  accomplish the  fo l lowing:  (1) To c h a r a c t e r i z e  t h e  e x i s t i n g  environment 
be fo re  r e sea rch  commences i n  t h e  f i e l d ,  (2)  t o  moni tor ,  sample,  and comple te ly  ana- 
l y z e  t h e  e f f l u e n t s  from t h e  va r ious  p rocess  s t e p s ,  and ( 3 )  t o  con t inue  r e s i d u e  
s t u d i e s  and r e c o n s t i t u t e  t h e  a r e a  a f t e r  r e s e a r c h  work has  progressed  beyond t h e  oper- 
a t i o n a l  phase.  
i s  shown i n  f i g u r e  4 .  

The a r e a s  of r e s e a r c h  w i l l  i nvo lve  impacts  t o  

A phas ing  diagram showing schedu l ing  of  necessa ry  envi ronmenta l  work 

Close coord ina t ion  of t h e  r e sea rch  w i l l  be  main ta ined  wi th  a p p r o p r i a t e  S t a t e  of 
Wyoming departments and agenc ie s .  In a d d i t i o n ,  a s s i s t a n c e  of t h e  U n i v e r s i t y  of 
Wyoming w i l l  be i n t e g r a t e d  i n t o  the  program. A l s o ,  c l o s e  on - s i t e  s u p e r v i s i o n  of  t h e  
environmental  a s p e c t s  of t h e  experiment w i l l  be monitored by t h e  o f f i c e  of t h e  
Environmental and Conserva t ion  coord ina to r  of  LERC f o r  t h e  A s s i s t a n t  Admin i s t r a to r  of 
F o s s i l  Energy. 
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Program Costs  

A p r e l i m i n a r y  c o s t  e s t i m a t e  f o r  t h e  t o t a l  5 y e a r  program w a s  $30,400,000. This 
i n c l u d e s  $1,700,000 t o t a l  i n i t i a l  mining c a p i t a l  c o s t  and $2,900,000 p r o c e s s i n g  and 
i n s t r u m e n t a t i o n  c a p i t a l  c o s t .  

The t o t a l  p r o j e c t  c a p i t a l ,  o p e r a t i n g ,  l a b o r ,  and m a t e r i a l  c o s t s  f o r  t h e  5-year 
program are as f o l l o w s :  

F i s c a l  Year 
1977 1978 1979 1980 1981 

C a p i t a l  120 5,000 9,000 5,000 2,000 
Subcont rac ts  210 1 ,890  2,760 1,500 720 
M a t e r i a l s  and S u p p l i e s  300 500 700 500 200 

T o t a l  c o s t  $,OOO 630 7,390 12,460 7,000 2,920 
_ _ _ - - -  

T o t a l ,  5-year program $30,400,000 

CONCLUSIONS 

1 
a 

1. 

2 .  

3. 

4. 

5 .  

6. 

Approximately one- th i rd  of known r e s o u r c e s  of o i l  < h a l e  neem i n  d e p o s i t s  t h a t  
range  from 1 5  t o  25 g a l l o n s / t o n  i n  a seam t h i c k n e s s  up t o  50 f e e t  a t  v a r i a b l e  
depths  (100 t o  o v e r  2,000 f e e t ) .  
Much of t h e  l e a n ,  thin-seam o i l  s h a l e  d e p o s i t s  OCCUK on f e d e r a l  l a n d ,  pr imar i ly  
i n  Utah and Wyoming, t h u s  t h e  U.S. Government h a s  a very  s u b s t a n t i a l  investment 
i n  t h i s  a r e a .  
Economic recovery  o f  t h i s  r e s o u r c e ,  u s i n g  technology c u r r e n t l y  under development, 
i s  p r o b l e m a t i c a l .  T h i s  f a c t  was exempl i f ied  by i n d u s t r y  when no b i d s  were r e -  
ce ived  on t h e  Wyoming t r a c t s .  
Development of t r u e  i n  s i t u  h o r i z o n t a l  t echniques  t o  t h e  p o i n t  o f  commercializa- 
t i o n  r e q u i r e s  a t e c h n o l o g i c a l  breakthrough.  One promising a l t c r n a t i v e  for  de- 
velopment of thin-seam o i l  s h a l e  d e p o s i t s  i s  through modi f ied  h o r i z o n t a l  r e t o r t i n g .  
A modified h o r i z o n t a l  experiment h a s  been developed by t h e  LERC e n g i n e e r i n g  s t a f f  
which i n c l u d e s  two p r o s p e c t i v e  si tes w i t h  c o r e  a n a l y s i s  n e a r l y  complete,  i n i t i a l  
b a s e l i n e  envi ronmenta l  s t u d i e s  underway, a mining and r e t o r t i n g  p l a n  t h a t  indi-  
c a t e  commerc ia l iza t ion  p o s s i b i l i t i e s  bo th  from a n  economic and environmental  
s t a n d p o i n t ,  a s  w e l l  a s  an e x t e n s i v e  envi ronmenta l  moni tor ing  program. 
LERC h a s  a broad  background and e x p e r i e n c e  i n  c o l l e c t i o n  of d a t a  and d i r e c t i o n  
o f  f i e l d  programs i n v o l v i n g  i n  s i t u  o i l  s h a l e  development. This  background should 
prove i n v a l u a b l e  t o  ERDA i n  a p p l i c a t i o n  t o  f u t u r e  i n  s i t u  work. 

i 

a 
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D I R E C T ~ O N  OF DIP , I 

FIGURE 2 .  - PILOT MINING PLAN 

PORTAL 

FIGURE 3 .  
ENTRY A D I T S  

COMMERCIAL MINING PLAN 
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O I L  DEGRADATION DURING O I L  SHALE RETORTING* 

J. H. Raley and R. L. Braun 

Lawrence Livermore Laboratory,  Univers i ty  of C a l i f o r n i a  
Livermore, C a l i f o r n i a  94550 

INTRODUCTION 

The Lawrence Livermore Laboratory is doing r e t o r t i n g  r e s e a r c h  t o  suppor t  t h e  
development of modif ied i n  s i t u  processes  f o r  product ion  o f  o i l  from o i l  s h a l e  such 
as t h a t  descr ibed  by L e w i s  and Rothman (1). Mathematical modeling s t u d i e s  ( 2 , 3 )  
of i n  s i t u  r e t o r t i n g  i n d i c a t e  t h a t  t h e  heat-up time f o r  a s h a l e  p a r t i c l e  can range 
from hours  (combustion r e t o r t i n g )  t o  months (hot  gas  r e t o r t i n g ) .  A r e c e n t  s tudy  
a t  t h i s  Laboratory (4) repor ted  t h e  o i l  y i e l d s  from powdered Colorado s h a l e  
subjec ted  t o  a wide v a r i e t y  of  thermal  h i s t o r i e s .  T h i s  s tudy  demonstrated t h a t  t h e  
o i l  y i e l d  from powdered s h a l e  i s  p r i m a r i l y  determined by t h e  amount of  decomposition 
of t h e  l i b e r a t e d  o i l .  The present  work s u p p l i e s  f u r t h e r  d a t a  i n  suppor t  of  t h i s  
conclusion.  Also,  maximum r a t e s  f o r  t h e  thermal  decomposition of  s h a l e  o i l  a r e  
es t imated  and compared w i t h  p y r o l y s i s  r a t e s  f o r  petroleum f r a c t i o n s .  

EXPERIMENTAL 

Deta i led  d e s c r i p t i o n s  o f  t h e  92 Illtonne (22 g a l / t o n )  s h a l e  sample and of t h e  
r e t o r t i n g  appara tus  and method have been given previous ly  (4) .  
procedure t h e  temperature  of  t h e  powdered (<800 Um; ca .  95 g) s h a l e  was r a i s e d  a t  
1Z0C/rnin (F ischer  assay  schedule)  from ambient t o  t h e  s e l e c t e d  l e v e l  and held 
c o n s t a n t  f o r  a per iod  ranging  from 2 t o  800 h r  ( 3 3  days) .  A t  t h e  end of t h e  
i so thermal  per iod  t h e  temperature  w a s  i n c r e a s e d ,  a g a i n  a t  1Z0C/rnin, t o  500'C and 
f i n a l l y  held t h e r e  f o r  40 min. 
(condensable  a t  0°C) by t h i s  procedure w a s  compared w i t h  t h e  assay v a l u e  obta ined  
by r a i s i n g  t h e  temperature  of an i d e n t i c a l  sample from ambient t o  500'C wi thout  
i n t e r r u p t i o n ,  fol lowed by t h e  f i n a l  40 min per iod .  This  method, t h e n ,  g i v e s  a 
d i r e c t  measure of  t h e  e f f e c t  on y i e l d  of t h e  i so thermal  holding per iod .  I so thermal  
temperatures  covered t h e  range from 150 t o  450°C. 
e v o l u t i o n  from t h e  r e t o r t  a t  65 t o  100 kPa ( 2 / 3  t o  1 atm) r e s u l t e d  only  from t h a t  
generated by t h e  s h a l e  (autogenous atmosphere) .  In t h e  o t h e r  set, a f low of 
n i t r o g e n  a t  1 a t m  w a s  passed through t h e  v e s s e l  dur ing  t h e  e n t i r e  experiment. 

RESULTS 

I n  t h e  r e t o r t i n g  

The weight  f r a c t i o n  of  s h a l e  converted t o  o i l  

I n  one set of  experiments  gas  

The e f f e c t  on  o i l  y i e l d  of i so thermal  hold ing  per iods  of  8 ,  8 0 ,  and 800 h r  
a t  150 t o  45OoC i s  shown in Figure  1 f o r  t h e  autogenous atmosphere experiments .  
Yie lds  r e l a t i v e  t o  assay  p a s s  through minima of 8 1  t o  92% a t  350 t o  400"C, 
depending on t h e  l e n g t h  of t h e  i so thermal  hold ing  per iod .  I n  F i g u r e  2 t h e  l o s s  i n  
o i l  y i e l d  i s  p l o t t e d  a g a i n s t  t h e  amount of  o i l  c o l l e c t e d  dur ing  t h e  i so thermal  
p e r i o d ,  expressed as a f r a c t i o n  of t h e  t o t a l  o i l  c o l l e c t e d  over  t h e  e n t i r e  
experiment. The d i r e c t  r e l a t i o n s h i p  shown between y i e l d  l o s s  and o i l  produced 
d u r i n g  t h e  i s o t h e r m a l  holding per iod  was observed f o r  holding tempera tures  of  
300 t o  375°C. 
temperatures  because of  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  t h e  o i l  produced i so thermal ly  
from t h e  l a r g e  amount formed before  t h e  hold ing  temperature  was a t t a i n e d .  

This  r e l a t i o n s h i p  could n o t  be  followed t o  h i g h e r  hold ing  

*This work w a s  performed under t h e  a u s p i c e s  of  t h e  U.S. Energy Research and 
Development Adminis t ra t ion  under c o n t r a c t  No. W-7405-Eng-48. 
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Addit ion of  n i t r o g e n  f low through t h e  r e t o r t  reduces o r  e l i m i n a t e s  y i e l d  loss .  
F igure  3 i l l u s t r a t e s  t h i s  e f f e c t  i n  terms of  n i t r o g e n  space  v e l o c i t y  o r  sweep r a t e ,  
i .e . ,  r e t o r t  vapor  volumes p e r  min f o r  t h e  g iven  hold ing  temperatures  and per iods.  
The s l o p e s  of  t h e s e  c u r v e s  over  the  0 t o  5 sweep r a t e  range  (A yield/A sweep r a t e )  
are a l s o  d i r e c t l y  r e l a t e d  t o  t h e  q u a n t i t i e s  o f  o i l  produced dur ing  t h e  i so thermal  
per iods  i n  t h e  non-sweep experiments  (Figure 4 ) .  

Both o b s e r v a t i o n s  suppor t  t h e  conclus ion  t h a t  y i e l d  l o s s  from powdered s h a l e  
is due t o  degrada t ion  of  o i l  a f t e r  i t s  release from t h e  s h a l e  and w h i l e  a t  h igh  
temperature  i n  t h e  r e t o r t .  
a n  i so thermal  per iod  reduces  t h e  rate of o i l  and gas  formation.  
f o r c e s  t o  remove o i l  from t h e  r e t o r t  - g a s  e v o l u t i o n  and o i l  v a p o r i z a t i o n  - a r e  
reduced cor respondingly ,  r e s i d e n c e  t imes lengthened and o i l  degrada t ion  increased.  
Therefore ,  a d i r e c t  r e l a t i o n s h i p  between y i e l d  l o s s  and amount of  o i l  formed during 
t h e  i so thermal  p e r i o d  i s  t h e  expected r e s u l t .  S i m i l a r l y ,  t h e  e x t e n t  of reduct ion  
i n  y i e l d  l o s s  by t h e  sweep g a s  should be r e l a t e d  d i r e c t l y  t o  t h e  q u a n t i t y  of extra-  
p a r t i c l e  o i l  t h a t  o therwise  would have a long  r e s i d e n c e  time i n  t h e  r e t o r t  f o r  
degrada t ion  t o  proceed.  A s  noted  e a r l i e r  ( 4 ) ,  t h i s  degrada t ion  produces mainly a 
carbonaceous r e s i d u e  ("char") p l u s  some gas .  

OIL DEGRADATION RATE 

I n t e r r u p t i o n  of a r a p i d  rise i n  s h a l e  temperature  by 
Autogenous dr iving 

The r a t e s  of  o i l  degrada t ion  a t  350 and 375°C can b e  es t imated  from t h e  
y i e l d s  under autogenous atmosphere,  t h e  amounts of  o i l  c o l l e c t e d  dur ing  t h e  
i so thermal  hold ing  t i m e s ,  and t h e  v o l a t i l i t y  of t h e  o i l  produced from t h e  a s s a y  
heat-up schedule .  

The r a t e  of  i s o t h e r m a l  o i l  formation (R ) i s  g iven  by 1 

where k l  i s  t h e  f i r s t  o r d e r  r a t e  cons tan t  f o r  o i l  formation and xo i s  t h e  mass of 
o i l  formed d u r i n g  t h e  i s o t h e r m a l  per iod ,  t f .  To c a l c u l a t e  t h e  rate of o i l  
degrada t ion  (RZ), two regimes c a n  be d i s t i n g u i s h e d  conceptua l ly .  In t h e  f i r s t  
regime, R 1  is r a p i d  a n d  R2 w i l l  b e  e s s e n t i a l l y  c o n s t a n t ,  given by 

R 2 = k y  2 0 '  2) 

where k2 i s  t h e  f i r s t  o r d e r  r a t e  cons tan t  f o r  o i l  degrada t ion  and yo i s  t h e  
c o n s t a n t  mass of o i l  in t h e  r e t o r t .  
decreased t o  t h e  v a l u e  of k2y0, R2 can be  approximated by R1.  

I n  t h e  second regime, which begins  when R 1  has 
That  i s ,  

-k t. R 2 = k x e  l o  1 3) 

L e t  te be t h e  t i m e  a t  which R 
as 

= kZyo. Then from Equat ion 3,  t can be  expressed 1 

The f r a c t i o n  of o i l  degraded dur ing  tf is  then  given by 
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This  approxina t ion  n e g l e c t s  t h e  s m a l l  amount o f  o i l  i n  t h e  r e t o r t  which i s  degraded 
a f t e r  o i l  formation becomes impercept ib le .  I n t e g r a t i o n  o f  Equat ion 5 g ives  

With known v a l u e s  f o r  a ,  k l ,  t f ,  xo,  and yo (der ived  i n  t h e  Appendix), 
Equat ions 4 and 6 can b e  so lved  f o r  te and k2 by a series of approximations.  The 
r e s u l t s  a r e  summarized in Table  1. It should be  noted t h a t  e s t i m a t i o n  of yo from 
s imula ted  d i s t i l l a t i o n  a n a l y s i s  i n v o l v e s  t h e  assumption t h a t  o i l  e x i s t s  in t h e  
r e t o r t  only a s  vapor and spray ,  n o t  a s  a d i s c r e t e  l i q u i d  phase. 
appears  j u s t i f i e d  under condi t ions  of r a p i d  o i l  and gas  genera t ion ,  as i s  t h e  c a s e  
of a Fischer  assay  h e a t i n g  schedule  ( t o  50OoC i n  1 h r ) .  
y i e l d  from t h i s  appara tus  t h a t  permits  downflow escape  of  l i q u i d  o i l  i s  i d e n t i c a l  
wi th  t h a t  from a F i s c h e r  Assay appara tus ,  which a l lows  only  upflow escape  (4) .  
a d i s c r e t e  l i q u i d  phase e x i s t s  and f lows from t h e  r e t o r t  more s lowly than  t h e  s p r a y ,  
t h e  est imated v a l u e  of yo i s  low and t h a t  of k2 correspondingly h igh .  

This  assumption 

Under t h e s e  c o n d i t i o n s ,  

I f  

Table  1: Values f o r  CL, kl, t f ,  te, xo,  yo, and k2 

350°C 375OC 

CL 0.180 0.190 0.162 

k1(1~-5s-1) (5)  0.72 0.76 4 .0  

t f  ( 1 0 ~ 4  28.8 28.8 2.88 

t e ( 1 ~ 5 s )  4.35 4.03 0.818 

x,(g) 7.5936 8.0426 7.6580 

Yo (8) 0.0560 0.0560 0.0532 

k, (10-5s-1) 4.3 5 . 1  22.0 

Using t h e  mean v a l u e  of k2 a t  35OoC, t h e  rate c o n s t a n t  can b e  expressed a s :  

A s  shown i n  Table  2 ,  t h e  v a l u e s  f o r  k2 a t  350 and 375OC a r e  s u b s t a n t i a l l y  

A s  noted above,  t h e  method used t o  e s t i m a t e  k 
h i g h e r  than  t h e  ra te  c o n s t a n t s  f o r  p y r o l y s i s  of kerogen t o  o i l  and f o r  thermal  
c racking  of petroleum f r a c t i o n s .  
g ives  maxima va lues .  On t h e  o t h e r  hand, t h e  h igh  o l e f i n  and heteroatom c o n t e n t s  
of s h a l e  o i l  (8) would be expected t o  impart  thermal  i n s t a b i l i t y ,  e s p e c i a l l y  w i t h  
r e s p e c t  t o  condensat ion o r  polymerizat ion processes .  Such r e a c t i o n s  of  s h a l e  o i l  
have been proposed previous ly  (9)  and have been observed i n  a c losed  v e s s e l  (10 ) .  

2 
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Table 2 :  P y r o l y s i s  Rate Cons tan ts  

k2 a t  350'C k2 a t  375'C Act iva t ion  
energy 

s-l ) s-l) (kcal/mole) 

Shale  O i l  -t G a s  + Char 4.7 
Kerogen + O i l  (5) + G a s  -I- Char 0.74 
Asphal t  (6)  1 . 6  
C a l i f o r n i a  Petroleum (7)  

22.0 49.4 
4.0 54.0 
7.6 49.7 

0 .25  1 . 6  59.2 

0.28 1 . 7  57.5 

- 
a )  M r e p r e s e n t s  t h e  a v e r a g e  molecular  weight  o f  t h e  d i s t i l l e d  f r a c t i o n .  The 

va lue  o f  E f o r  a s s a y  s h a l e  o i l  i n  o u r  experiments  i s  about 330 (see  
Appendix), 

b )  Conversion t o  lower b o i l i n g  products  only.  

c )  Conversion t o  lower  and h igher  b o i l i n g  products .  

CONCLUSIONS 

Further  evidence is  suppl ied  t o  show t h a t  t h e  o i l  y i e l d  from r e t o r t i n g  
powdered Colorado o i l  s h a l e  i s  p r i m a r i l y  determined by t h e  e x t e n t  of decomposition 
of t h e  l i b e r a t e d  o i l .  Yie ld  l o s s e s  occasioned by i n t e r r u p t i n g  a r a p i d  s h a l e  
h e a t i n g  schedule  w i t h  i s o t h e r m a l  hold ing  p e r i o d s  are d i r e c t l y  r e l a t e d  t o  t h e  
amounts of o i l  produced d u r i n g  t h e  holding p e r i o d s .  
r e l a t e d  d i r e c t l y  t o  t h e  i n e r t  gas  f low rates r e q u i r e d  t o  raise t h e  y i e l d s  t o  t h e  
assay  value.  The e s t i m a t e d  maximum f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  thermal 
decomposition of t h e  o i l  t o  char  and gas  i s  g iven  by: k2 = 1.00 x 
O i l  from Colorado s h a l e  a p p a r e n t l y  is more thermal ly  u n s t a b l e  than  v i r g i n  
petroleum f r a c t i o n s .  
o i l  thermal degrada t ion .  

These amounts are a l s o  

e-49,400/RT- 

A d d i t i o n a l  experimental  d a t a  a r e  needed on t h e  r a t e  of  s h a l e  
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APPENDIX 

Values of a, kl, t f ,  xo and yo f o r  Table  1 

The va lues  of a and t f ,  t h e  l a t te r  corresponding t o  8 0 0  o r  8 0  h r ,  were 
r e p o r t e d  e a r l i e r  ( 4 ) .  

With the assumption t h a t  a l l  o i l  degrada t ion  occurs  dur ing  t h e  isothermal  
per iod ,  t f ,  and s i n c e  no o i l  w a s  c o l l e c t e d  i n  t h e  r e c e i v e r  a f t e r  t f ,  

where XA i s  t h e  mass of o i l  ob ta ined  by assay  and x i  is t h e  mass of  o i l  c o l l e c t e d  
b e f o r e  t f .  S i m i l a r l y ,  

where xf is t h e  mass of o i l  c o l l e c t e d  dur ing  tf and x t  i s  t h e  mass o f  o i l  
c o l l e c t e d  dur ing  t h e  e n t i r e  experiment. The mass of o i l  degraded,  Xd, then  is:  

Xd = xo - Xf 

and 

The experimental  v a l u e s  of t h e s e  q u a n t i t i e s  are ( 4 , l l )  given i n  Table  3 .  

Table 3 :  Values of  a and O i l  Masses Col lec ted  

91.8983 
8 .407  
7 .7259 

0 . 1 3 2 3  

7 . 5 9 3 6  

6 .3561 

6 .2238 

0 . 1 8 0  

35OoC 

96 .7522 
8.407 
8 . 1 3 4 0  

0 . 0 9 1 4  

8 .0426 

6 . 6 1 0 0  

6 .5186 

0 . 1 9 0  

375OC 

93.1773 
8.407 
7 .8334 

0 .1754 

7 . 6 5 8 0  

6 . 5 9 4 2  

6 .4188 

0.162 

A s  noted i n  t h e  t e x t ,  t h e  mass of f r e e  o i l  i n  t h e  r e t o r t ,  yo ,  i s  assumed t o  
c o n s i s t  only of vapor and spray .  
from t h e  equi l ibr ium f l a s h  v a p o r i z a t i o n  (EFV) curve  which, i n  t u r n ,  can  be  r e l a t e d  
t o  t h e  molecular  weight d i s t r i b u t i o n .  The EFV curve w a s  cons t ruc ted  ( 1 2 )  from t h e  
gas  chromatographic s imulated d i s t i l l a t i o n  d a t a  ( 1 3 )  f o r  o i l  produced under assay  
condi t ions  (F igure  5 ) .  The molecular  weight  s c a l e  i n  F igure  5 is based on t h e  
r e l a t i o n s h i p  between molecular  weight and b o i l i n g  p o i n t  of n - p a r a f f i n s  c o r r e c t e d  

The f r a c t i o n  of o i l  vaporized can b e  es t imated  
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f o r  the lower v o l a t i l i t y  o f  u n s a t u r a t e d  components. 
t aken  from t h e  r a t i o  of t h e  average  molecular  weight of  t h e  388 M f r a c t i o n  of  
C a l i f o r n i a  petroleum t o  421, t h e  average  molecular  weight of  t h e  s a t u r a t e s  
contained t h e r e i n  ( 7 ) .  

The c o r r e c t i o n  f a c t o r  was 

The mass o f  f r e e  o i l  i n  t h e  r e t o r t  i s  

Y, = mv + ma, 

where % i s  t h e  mass of o i l  vapor i n  t h e  r e t o r t  and m a  i s  t h e  mass of o i l  l i q u i d  
as spray in t h e  r e t o r t .  
r e l a t i o n s h i p s .  F i r s t ,  t h e  number of moles of o i l  vapor  i n  t h e  r e t o r t  i s  

The q u a n t i t i e s  % and m a  a r e  c a l c u l a t e d  by t h e  fo l lowing  

m 
n = -  

Mv ’ 

where Mv i s  t h e  molecular  weight taken from t h e  EFV curve  (F igure  5) a t  t h e  
a p p r o p r i a t e  temperature .  Second, t h e  number of moles o f  co-produced non- 
condensable gas i n  t h e  r e t o r t  i s  

0.22(mv + ma) 

2 1  n =  
g 

This  equat ion i s  based on t h e  exper imenta l ly  determined r a t i o  of  t h e  mass 
product ion r a t e  of non-condensable gas t o  t h a t  of  o i l ,  which i s  0.22, and t h e  gas  
molecular  weight o f  2 1  (11) .  Thi rd ,  t h e  t o t a l  number of  moles o f  o i l  vapor  and 
non-condensable gas  in t h e  r e t o r t  i s  c a l c u l a t e d  f r o m  t h e  i d e a l  g a s  law f o r  t h e  
measured r e t o r t  f r e e  volume of 35.1 cm3: 

35.1 n + n  = 
(22400)  (&) 

F i n a l l y ,  t h e  f r a c t i o n  of  o i l  i n  t h e  vapor  s t a t e ,  taken from t h e  EFV curve ,  i s  

m 
f =v 
v mv + m a  

Combining t h e  above e q u a t i o n s  y i e l d s  t h e  d e s i r e d  express ion  f o r  t h e  mass of  f r e e  
o i l  i n  t h e  r e t o r t :  

Values of yo c a l c u l a t e d  from t h e s e  r e l a t i o n s h i p s  a r e  given i n  Table  1. 
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" P r o c e s s i n g  o f  T a r  Sand B i t u m e n s .  P a r t  I-- 
T h e r m a l  C r a c k i n g  o f  U t a h  a n d  A t h a b a s c a  T a r  

Sand B i t u m e n s "  

J .  W. B u n g e r ,  S .  M o r i ,  a n d  A.  G .  O b l a d  

D e p a r t m e n t  o f  M i n i n g ,  M e t a l l u r g y ,  a n d  F u e l s  
E n g i n e e r i n g  

U n i v e r s i t y  o f  U t a h ,  S a l t  L a k e  C i t y ,  U t a h  8 4 1 1 2  

I n t r o d u c t i o n  

T h e  t a r  s a n d s  d e p o s i t s  o f  U t a h  c o n t a i n  s i g n i f i c a n t  r e s e r v e s  of 
f o s s i l  e n e r g y .  The  b i t u m e n ,  w h i c h  i s  i m p r e g n a t e d  i n  s a n d s t o n e ,  i s  a 
h e a v y ,  v i s c o u s ,  r e s i d u e - l i k e  m a t e r i a l  a n d  i s  n o t  a m e n a b l e  t o  r e c o v e r y  
by  c o n v e n t i o n a l  p r i m a r y  or s e c o n d a r y  t e c h n i q u e s .  R e s e a r c h  a n d  d e v e l o p -  
m e n t  e f f o r t s  a r e  c u r r e n t l y  b e i n g  c o n d u c t e d  i n  U.S. G o v e r n m e n t  a n d  i n  
U n i v e r s i t y  l a b o r a t o r i e s  t o  s t u d y  t h e  v a r i o u s  r e c o v e r y  p r o c e s s e s  b y  
h o t  w a t e r ,  f l u i d  c o k i n g ,  a n d  i n  s i t u  c o m b u s t i o n ,  e t c .  A d d i t i o n a l l y ,  
e f f o r t s  a r e  b e i n g  m a d e  t o  d e t e r m i n e  t he  o p t i m u m  c o n d i t i o n s  f o r  
c o n v e r s i o n  of r e c o v e r e d  b i t u m e n  t o  h i g h  q u a l i t y  p r o d u c t s  f o r  u s e  a s  
f u e l  or t h e  m a n u f a c t u r e  of  c h e m i c a l s .  

T h e  s t u d y  of  U t a h  t a r  s a n d  b i t u m e n s  h a s  r e c e i v e d  r e l a t i v e l y  m i n o r  
a t t e n t i o n  c o m p a r e d  w i t h  A t h a b a s c a ,  C a n a d a ,  b i t u m e n .  V i r t u a l l y . n o  
l i t e r a t u r e  e x i s t s  r e g a r d i n g  t h e  p r o c e s s i n g  of  U t a h  b i t u m e n  w h e r e a s  t h e  
A t h a b a s c a  b i t u m e n  i s  b e i n g  c o m m e r c i a l l y  p r o c e s s e d .  T h e  t h e r m a l  c r a c k i n g  
of  A s p h a l t  R i d g e  a n d  S u n n y s i d e ,  U t a h ,  b i t u m e n  was  s t u d i e d  b y  W e n g e r ,  
e t  a l .  ( 1 )  i n  t h e  e a r l y  1 9 5 0 ' s .  T h e s e  s t u d i e s  w e r e  p e r f o r m e d  o n  b i t u m e n  
w h i c h  h a d  b e e n  r e c o v e r e d  v i a  h o t  c a u s t i c  w a t e r  e x t r a c t i o n  f o l l o w e d  
b y  a s o l v e n t  c l a r i f i c a t i o n  s t e p .  T h i s  w o r k  p r o v i d e d  v a l u a b l e  q u a l i t a -  
t i v e  i n f o r m a t i o n  a b o u t  t h e  y i e l d s  a n d  t h e  n a t u r e  o f  t h e p r o d u c t s  d e r i v e d  
f r o m  U t a h  b i t u m e n s  b u t  r e s u l t s  o f  t h e s e  e a r l y  s t u d i e s  a r e  d i f f i c u l t  t o  
i n t e r p r e t  i n  l i g h t  of  m o r e  r e c e n t  i n f o r m a t i o n .  

T h e  t h e r m a l  p r o c e s s i n g  o f  A t h a b a s c a  b i t u m e n  o n  t h e  o t h e r  h a n d ,  i s  
w e l l  known and  r e f e r e n c e s  t o  t h e s e  s t u d i e s  a r e  c o n t a i n e d  i n  a n  e x c e l l e n t  
o v e r v i e w  b y  Camp. ( 2 ) .  The  G r e a t  C a n a d i a n  O i l  S a n d s ,  L t d . ,  v e n t u r e  
h a s  s e l e c t e d  d e l a y e d  c o k i n g  a s  t h e  i n i t i a l  u p g r a d i n g  p r o c e s s  a n d  
t e c h n o l o g y  and  p r o c e s s i n g  c o n d i t i o n s  for t h e  A t h a b a s c a  b i t u m e n  a r e  w e l l  
e s t a b l i s h e d .  H o w e v e r ,  U t a h  t a r  s a n d s  h a v e  b e e n  r e c e n t l y  s h o w n  ( 3 , 4 )  
t o  d i f f e r  s i g n i f i c a n t l y  f r o m  t h e  A t h a b a s c a  b i t u m e n .  T h i s  p r e c l u d e s  t h e  
d i r e c t  a d a p t a t i o n  o f  e x i s t i n g  t e c h n o l o g y  a n d  r e q u i r e s  a n  a d d i t i o n a l  
r e s e a r c h  e f f o r t  t o  i d e n t i f y  t h e  opt imum p r o c e s s i n g  c o n d i t i o n s  f o r  t h i s  
U.S. r e s o u r c e .  

The  work  r e p o r t e d  h e r e  r e p r e s e n t s  o u r  p r e l i m i n a r y  e f f o r t s  t o  
d e t e r m i n e  t h e  p r o c e s s i n g  c h a r a c t e r i s t i c s  a n d  t h e  v a l u e  of  t h e  p r o d u c t s  
d e r i v e d  f r o m  U t a h  t a r  s a n d  b i t u m e n s .  T h e r m a l  c r a c k i n g  w a s  s e l e c t e d  f o r  
o u r  i n i t i a l  s t u d y  b e c a u s e  some v a r i a t i o n  of  t h i s  g e n e r a l  p r o c e s s  w i l l  
m o s t  l i k e l y  b e  e m p l o y e d  t o  u p g r a d e  b i t u m e n  t o  r a w  c r u d e  o i l  w h i c h  c a n ,  
i n  t u r n ,  b e  s u b j e c t e d  t o  v a r i o u s  h y d r o g e n a t i n g / c r a c k i n g  s e q u e n c e s .  
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Our  p r i m a r y  a i m  i n  t h i s  s t u d y  w a s  t o  p r o v i d e  a d e t a i l e d  c o m p a r i s o n  o f  
t h e  t h e r m a l  c r a c k i n g  b e h a v i o r  o f  o n e  b i t u m e n  t o  a n o t h e r  a n d  t o  
c o m p a r e  t a r  s a n d  b i t u m e n  g e n e r a l l y  w i t h  a p e t r o l e u m  r e s i d u e .  A d i r e c t  
c o m p a r i s o n ,  u n d e r  u n i f o r m ,  r e p r o d u c i b l e  r e a c t i o n  c o n d i t i o n s ,  p r o v i d e s  
a b a s i s  f o r  d e t e r m i n i n g  t h e  r e l a t i v e  v a l u e  o f  p r o d u c t s  d e r i v e d  a s  a 
f u n c t i o n  o f  t h e  b i t u m e n  p r o p e r t i e s .  I n  a d d i t i o n ,  t h e r e s u l t s  of  t h i s  
s t u d y  w i l l  p r o v i d e  a b a s e  f r o m  w h i c h  t o  e v a l u a t e  e f f e c t s  o f  v a r y i n g  
t h e  r e a c t i o n  c o n d i t i o n s  on  y i e l d  a n d  p r o d u c t  p r o p e r t i e s .  

I n  t h i s  s t u d y  w e  s u b j e c t e d  t h r e e  U t a h  b i t u m e n s ,  o n e  A t h a b a s c a  b i t u -  
men and a W i l m i n g t o n ,  C a l i f . ,  p e t r o l e u m  r e s i d u e  t o  b a t c h - t y p e  d e s t r u c t i v e  
d i s t i l l a t i o n  a t  a t m o s p h e r i c  p r e s s u r e  a n d  u n d e r  a n  i n e r t  a t m o s p h e r e .  
P r o p e r t i e s  a n d  c o m p o s i t i o n  o f  t h e  n a t i v e  b i t u m e n  a r e  s u m m a r i z e d  a n d  
r e s u l t s  o f  b e n c h - s c a l e  t h e r m a l  c r a c k i n g  a r e  d i s c u s s e d  i n  t e rms  o f  t h e  
b i t u m e n  c o m p o s i t i o n .  P r o p e r t i e s  o f  t h e  p r o d u c t s  f r o m  U t a h  b i t u m e n  a r e  
c o m p a r e d  w i t h  t h a t  f r o m  A t h a b a s c a  a n d  t h e  p e t r o l e u m  r e s i d u e .  G e n e r a l  
c o n c l u s i o n s  a b o u t  t h e  r e l a t i v e  v a l u e  o f  U t a h  b i t u m e n s  as  f e e d s  f o r  
t h e r m a l  c r a c k i n g  a r e  made .  

E x p e r i m e n t a l  P r o c e d u r e  

D e s c r i p t i o n  01 S a m p l e s  - Four t a r  s a n d  b i t u m e n s  a n d  o n e  p e t r o l -  
eum r e s i d u e  w e r e  t h e r m a l l y  c r a c k e d  i n  t h i s  w o r k .  Two t a r  s a n d  b i t u m e n s ,  
t h e  A t h a b a s c a ,  C a n a d a  a n d  P . R .  S p r i n g ,  U t a h ,  w e r e  i d e n t i c a l  t o  t h e  samples 
u s e d  i n  p r e v i o u s  s t u d i e s  o f  o n e  o f  t h e  a u t h o r s  o f  t h e  compound t y p e  
a n a l y s i s .  ( 3 , 4 )  T h e  A s p h a l t  R i d g e  a n d  T a r  Sand T r i a n g l e ,  U t a h ,  
s a m p l e s  were s i m i l a r  t o  t h o s e  two u s e d  i n  t h i s  p r e v i o u s  w o r k .  B e c a u s e  
p r o p e r t y  a n d  e l e m e n t a l  a n a l y s i s  d a t a  c o r r e s p o n d e d  c l o s e l y  b e t w e e n  t h e  
p r e v i o u s  s a m p l e s  a n d  p r e s e n t  o n e s ,  w e  a s s u m e d  b i t u m e n  c o m p o s i t i o n  t o  be  
r e s p e c t i v e l y  i d e n t i c a l  f o r  p u r p o s e s  o f  i n t e r p r e t i n g  t h e  c r a c k i n g  y i e l d  
d a t a .  T h e  t a r  s a n d  b i t u m e n s  were e x t r a c t e d  f r o m  t h e  t a r  s a n d  w i t h  
b e n z e n e ,  f i l t e r e d  t h r o u g h  4 . 0  t o  5 . 5 ~  f i t t e d  g l a s s  f i l t e r s ,  a n d  f l a s h  
d i s t i l l e d  u n t i l  f i n a l  c o n d i t i o n s  o f  75' t o  80" C a n d  4 t o  5 t o r r  h a d  
b e e n  m a i n t a i n e d  f o r  1 h o u r .  

The  p e t r o l e u m  r e s i d u e  w a s  a 4 8 5 "  C d i s t i l l a t i o n  r e s i d u e  f r o m  
a W i l m i n g t o n ,  C a l i f . ,  c r u d e  o i l .  T h i s  s a m p l e  w a s  i d e n t i c a l  t o  t h a t  
r e p o r t e d  o n  e a r l i e r  ( 3 )  a n d  i n  c o n j u n c t i o n  w i t h  a n a l y s i s  r e s u l t i n g  
f r o m  A m e r i c a n  P e t r o l e u m  I n s t i t u t e - U . S .  B u r e a u  o f  M i n e s  R e s e a r c h  P r o j e c t  
6 0 .  (5) T h i s  s a m p l e  w a s  d e t e r m i n e d  t o  b e  t h e  m o s t  s i m i l a r  t o  t h e  
P .R.  S p r i n g  b i t u m e n  i n  terms o f  p h y s i c a l  p r o p e r t i e s  a n d  c o m p o s i t i o n  and  
w a s  i n c l u d e d  t o  e s t a b l i s h  a p o i n t  o f  r e f e r e n c e  f o r  o u r  p r e s e n t  w o r k .  

I 

m D e s c r i p t i o n  o f  a p p a r a t u s -  The  V y c o r  t h e r m a l  c r a c k i n g  r e a c t o r  
c o n s i s t e d  o f  a common d i s t i l l a t i o n  f l a s k  d e s i g n  w i t h  t h e  s i d e a r m  
t u r n e d  downward a t  t h e  e n d .  H e a t  w a s  a p p l i e d  t o  t h e  p o t  b y  u s e  o f  a 
b e a d e d  h e a t e r  a n d  t o  t h e  h e a d  a n d  s i d e a r m  b y  u s e  o f  h e a t i n g  t a p e .  
T e m p e r a t u r e  w a s  m o n i t o r e d  i n s i d e  a n d  o u t s i d e  o f  b o t h  t h e  p o t  a n d  h e a d  w i t h  
t h e r m o c o u p l e s .  T h e  t o p  o f  t h e  r e a c t o r  w a s  c l o s e d  o f f  w i t h  I 1 9 / 3 8  j o i n t  
w h i c h  had  b e e n  f i t t e d  w i t h  t h e r m o w e l l s .  L i q u i d  p r o d u c t s  w e r e  c o l l e c t e d  
i n  c o l d - f i n g e r  t y p e  c o n d e n s o r s  u s i n g  d r y - i c e / m e t h a n o l  f o r  t h e  f i n a l  
c o l d f  i n g e r  c o o l a n t .  

D e s c r i p t i o n  o f  p r o c e d u r e  - A p p r o x i m a t e l y  a 1 0  g - s a m p l e  of  b i t u m e n  
w a s  p y r o l y z e d  a t  a h e a t i n g  r a t e  of a b o u t  5 "  C/min  t o  a n  end  p o i n t  o f  
625O C .  R e a c t o r  a n d  c o n d e n s o r s  w e r e  p r e w e i g h e d  a n d  c o k e  a n d  l i q u i d  
p r o d u c t  y i e l d s  w e r e  d e t e r m i n e d  d i r e c t l y  b y  w e i g h t .  G a s  v o l u m e  r a t e  
p r o d u c t i o n  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  v o l u m e  o f  w a t e r  d i s p l a c e d  
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a t  a t m o s p h e r i c  p r e s s u r e  a n d  s u b s e q u e n t l y  c o r r e c t e d  t o  STP c o n d i t i o n s .  
W e i g h t  o f  g a s  p r o d u c e d  w a s  es t imated  by d i f f e r e n c e  and by a n a l y s i s  Of 
g a s e s  p r o d u c e d .  

A n a l y s i s  o f  b i t u m e n  a n d  p r o d u c t s  - G a s  a n a l y s i s  w a s  a c c o m p l i s h e d  
b y  G C  u s i n g  a 1 / 1 6 - i n c h  b y  1 6 - f o o t  a c t i v a t e d  a l u m i n a  c o l u m n  a n d  b y  
m a s s  s p e c t r o m e t r y .  E l e m e n t a l  a n a l y s i s  a n d  p h y s i c a l  p r o p e r t i e s  o f  t h e  
b i t u m e n  a n d  p r o d u c t s  w e r e  d e t e r m i n e d  b y  c o n v e n t i o n a l  means  b y  U.S. 
G o v e r n m e n t  a n d  c o m m e r c i a l  l a b o r a t o r i e s .  H e a t i n g  v a l u e  ( H )  w a s  
c a l c u l a t e d  f r o m  t h e  f o r m u l a  ( 6 )  

H ( K c a l / K  ) = 8 , 4 0 O ( C )  + 2 7 , 7 6 5 ( H )  + 1,50O(N) + 2 , 5 O O ( S ) - 2 , 6 5 0 ( 0 ) .  
g 

S i m u l a t e d  d i s t i l l a t i o n  o f  b i t u m e n  a n d  l i q u i d  p r o d u c t s  w a s  a c c o m p l i s h e d  
b y  G . L . C .  by p r o c e d u r e s  f u l l y  d e s c r i b e d  e l s e w h e r e  ( 7 ) ,  u s i n g  a 1 / 4 - i n c h  
b y  1 8 - i n c h  c o l u m n  p a c k e d  w i t h  5 p e r c e n t  UCW-98 o n  6 0  t o  80-mesh  
s i l a n i z e d  c h r o m o s o r b  W .  TGA a n d  DTA w e r e  p e r f o r m e d  o n  a M e t t l e r  
t h e r m o g r a v i m e t r i c  a n a l y z e r .  N e w  i n f r a r e d  d a t a  r e p o r t e d  h e r e  w e r e  
g a t h e r e d  u s i n g  a Beckman m o d e l  4 8 6 0 .  

R e s u l t s  a n d  D i s c u s s i o n  

B i t u m e n ,  C o m p o s i t i o n  a n d  P r o p e r t i e s  

T h e  e x t r a c t e d  t a r  s a n d  b i t u m e n s  w e r e  c h a r a c t e r i z e d  b y  m e t h o d s  
a d a p t e d  f r o m  t h o s e  d e v e l o p e d  f o r  t h e  s t u d y  o f  h i g h  b o i l i n g  p e t r o l e u m  
d i s t i l l a t e s  a n d  r e s i d u e s .  R e s u l t s  o f  t h i s  s t u d y ,  w h i c h  w a s  c o n d u c t e d  
a t  t h e  L a r a m i e  E n e r g y  R e s e a r c h  C e n t e r  (ERDA), w i l l  s o o n  b e  p u b l i s h e d ,  (4) 
a n d  a r e  s u m m a r i z e d  h e r e  t o  p r o v i d e  a n  u n d e r s t a n d i n g  of  t h e  n a t u r e  o f  t h e  
b i t u m e n .  T h e  e l e m e n t a l  a n a l y s i s  a n d  s e l e c t e d  p h y s i c a l  p r o p e r t i e s  a r e  
g i v e n  i n  t a b l e  I .  C o m p a r i s o n  i s  made o f  t h e  t w o  s e t s  o f  b i t u m e n s  f o r  
w h i c h  t h e  s a m p l e  u s e d  f o r  c r a c k i n g  w a s  s i m i l a r  t o ,  b u t  n o t  i d e n t i c a l  t o ,  
t h a t  c h a r a c t e r i z e d .  I n  t h e  c a s e  o f  t h e  T a r  S a n d  T r i a n g l e  s a m p l e ,  t h e  
two s a m p l e s  a r e  n e a r l y  i d e n t i c a l  w h e r e a s  some d i f f e r e n c e s  a r e  n o t e d  f o r  
t h e  A s p h a l t  R i d g e  s a m p l e s .  

R e s u l t s  o f  o u r  p r e v i o u s  s t u d i e s  ( 4 )  h a v e  shown m a r k e d  s i m i l a r i t i e s  
b e t w e e n  t h e  two U i n t a  B a s i n  s a m p l e s  ( A s p h a l t  R i d g e  a n d  P .  R .  S p r i n g )  
o n  t h e  o n e  h a n d  a n d  t h e  A t h a b a s c a  a n d  T a r  S a n d  T r i a n g l e  o n  t h e  o t h e r .  
T h e s e  s i m i l a r i t i e s  e x t e n d  b e y o n d  t h e  e l e m e n t a l  a n a l y s i s  a n d  p h y s i c a l  
p r o p e r t i e s  and  i n c l u d e  compound t y p e  a n a l y s i s  a n d  b o i l i n g  p o i n t  
d i s t r i b u t i o n  a s  w e l l .  

C o m p a r i s o n  o f  t h e  p r o p e r t y  a n d  d i s t i l l a t i o n  d a t a  f o r  t h e  U i n t a  
B a s i n  s a m p l e s  w i t h  t h e  h i g h  s u l f u r  b i t u m e n s  r e v e a l s  a h i g h e r  h y d r o g e n  
a n d  n i t r o g e n  c o n t e n t ,  l o w e r  s u l f u r ,  h i g h e r  m o l e c u l a r  w e i g h t  a n d  v i s c o s i t y ,  
a n d  l o w e r  c o n t e n t  of  v o l a t i l e  m a t e r i a l .  T h e s e  r e s u l t s  a r e  i n t e r p r e t e d  
i n  c o n j u n c t i o n  w i t h  t h e  compound t y p e  a n a l y s i s  t o  mean t h a t  U i n t a  B a s i n  
s a m p l e s  h a v e  a h i g h e r  p e r c e n t a g e  o f  h i g h  b o i l i n g  a n d  r e s i d u a l  s a t u r a t e d  
h y d r o c a r b o n s  w i t h  t h e  a r o m a t i c  p o r t i o n  r e s e r v e d  a p p r e c i a b l y  f o r  t h e  
h i g h  b o i l i n g  r e s i d u e  f r a c t i o n .  C o n v e r s e l y ,  t h e  T a r  Sand T r i a n g l e  a n d  
A t h a b a s c a  b i t u m e n s  a r e  c o m p r i s e d  o f  g e n e r a l l y  lower m o l e c u l a r  w e i g h t  
m a t e r i a l  w i t h  t h e  a r o m a t i c s  a n d  h e t e r o a t o m s  m a k i n g  u p  a c o m p a r a t i v e l y  
l a r g e  p e r c e n t a g e  o f  t h e  v o l a t i l e  m a t e r i a l .  

T h e r e  a r e  a f e w  n o t a b l e  c o m p o s i t i o n a l  d i f f e r e n c e s  b e t w e e n  t h e  
W i l m i n g t o n  r e s i d u e  a n d  t h e  t a r  s a n d  b i t u m e n s  w h i c h  a r e  l i k e l y  t o  
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i n f l u e n c e  t h e  c h e m i c a l  b e h a v i o r  b u t  a r e  n o t  a p p a r e n t  i n  t h e  gross 
P r o p e r t i e s .  A l t h o u g h  t h e  t o t a l  h e t e r o a t o m  c o n t e n t  o f  t h e  U i n t a  B a s i n  
b i t u m e n  i s  s i m i l a r  t o  t h a t  o f  t h e  W i l m i n g t o n  r e s i d u e ,  t h e r e  i s  a g r e a t e r  
t e n d e n c y  ( a s  a r e s u l t  o f  g e o c h e m i c a l  f o r c e s )  t o  c o n c e n t r a t e  t h e  
h e t e r o a t o m s  i n  t h e  h i g h  m o l e c u l a r  w e i g h t  compounds  o f  t h e  b i t u m e n s .  
A d d i t i o n a l l y ,  t h e r e  i s  c o n s i d e r a b l y  m o r e  m a t e r i a l  a s s o c i a t e d  w i t h  a 
g i v e n  q u a n t i t y  o f  h e t e r o a t o m s  f o r  c o m p a r a b l e  i n i t i a l  b o i l i n g  p o i n t  
r e s i d u e s  i n d i c a t i n g  t h a t  t h e  a v e r a g e  m o l e c u l a r  w e i g h t  f o r  a 5 3 0 "  C 
r e s i d u e  of  t h e  U i n t a  B a s i n  s a m p l e s  may b e  1 - 1 / 2  t o  2 t i m e s  t h a t  o f  a 
5 3 0 "  C W i l m i n g t o n  s a m p l e .  T h e  A t h a b a s c a  a n d  T a r  S a n d  T r i a n g l e  
s a m p l e s  e x h i b i t  l e s s e r  t e n d e n c i e s  t o  c o n c e n t r a t e  h e t e r o a t o m s  i n  t h e  
r e s i d u e  p o r t i o n  t h a n  t h e  W i l m i n g t o n  r e s i d u e .  T h e  c o m p a r a t i v e  u p p e r  
m o l e c u l a r  w e i g h t  o f  t h e s e  s a m p l e s  is n o t  known.  

Q u a n t i t a t i v e  R e s u l t s  o f  P y r o l y s i s  

P r o d u c t  y i e l d s  f r o m  t h e  b a t c h - t y p e  t h e r m a l  c r a c k i n g  o f  t h e  f i v e  
b i t u m e n s  a r e  g i v e n  i n  t a b l e  11. Gas y i e l d s , w h i c h  r a n g e  from 4 . 8  t o  
7 . 5  p e r c e n t ,  d o  n o t  e x h i b i t  a n y  o b v i o u s  c o r r e l a t i o n  w i t h  b i t u m e n  
p r o p e r t i e s .  T h e  m a j o r i t y  o f t h e  g a s  w a s  p r o d u c e d  a b o v e  5 0 0 °  C when 
c o n d e n s a t e  p r o d u c t i o n  w a s  t a p e r i n g  o f f .  T h e  p e r c e n t  g a s  y i e l d  a n d  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e  g a s  r a n  r o u g h l y  p a r a l l e l  t o  e a c h  o t h e r .  

T a b l e  I1 - P r o d u c t  y i e l d s  

- P r o d u c t  ATH T ST AR PRS W I L  

G a s e s  (C a n d  l i g h t e r )  7 . 5 2  5 .31  4 . 8 0  7 . 4 1  6 . 0 3  
L i q u i d  c 2 n d e n s a t e  ( C  - 

Coke 1 5 . 9 6  2 1 . 8 7  1 2 . 3 5  1 6 . 5 4  1 6 . 9 3  
5 3 5 "  C )  7 6 - 5 2  7 2 . 8 2  8 2 . 8 5  7 6 . 0 5  7 7 . 0 4  

L i q u i d  c o n d e n s a t e  y i e l d s  e x h i b i t  a g o o d  i n v e r s e  c o r r e l a t i o n  w i t h  
c a r b o n  h y d r o g e n  a t o m i c  r a t i o .  A s e c o n d a r y  c o r r e l a t i o n  a p p e a r s  t o  e x i s t s  
w i t h  m o l e c u l a r  w e i g h t ;  f o r  a g i v e n  C / H  r a t i o ,  t h e h i g h e r  t h e  m o l e c u l a r  
w e i g h t ,  t h e  l o w e r  t h e  y i e l d .  T h e  A s p h a l t  R i d g e  s a m p l e ,  w h i c h  i s  a l i k e l y  
c a n d i d a t e  f o r  e a r l y  c o m m e r c i a l  d e v e l o p m e n t ,  g a v e  a h i g h  y i e l d  o f  a l m o s t  
8 3  p e r c e n t  c o n d e n s a t e .  

Coke y i e l d ,  w h i c h  is d i r e c t l y  r e l a t e d  t o  c a r b o n  r e s i d u e  d e t e r m i n a -  
t i o n ,  a l s o  c o r r e l a t e s  w e l l  w i t h  t h e  a s p h a l t e n e  c o n t e n t .  A s p h a l t e n e s  
d e r i v e d  f r o m  t a r  s a n d s  a r e  p r o b a b l y  s i m i l a r  t o  p e t r o l e u m  a s p h a l t e n e s  
i n  t h a t  t h e y  r e p r e s e n t  t h e  h i g h  m o l e c u l a r  w e i g h t ,  h i g h l y  a r o m a t i c  mole- 
c u l e s  p r e s e n t .  T h e s e  m o l e c u l e s  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  o f  
h e t e r o c y c l i c  s t r u c t u r e s  w i t h  g e n e r a l l y  l o w  a l k y l  a n d  n a p h t h e n i c  c a r b o n  
c o n t e n t s .  T h e s e  s t r u c t u r a l  f e a t u r e s  e x p l a i n  t h e i r  r e s i s t a n c e  t o  p y r o l y s i s  
a n d  t h e i r  a b i l i t y  t o  f o r m  c o k e .  A l t h o u g h  t h e  c o r r e l a t i o n  b e t w e e n  c o k e  
y i e l d  a n d  a s p h a l t e n e  c o n t e n t  i s  s t r o n g ,  a o n e - t o - o n e  p r e c u r s o r - p r o d u c t  
m e c h a n i s m  i s  n o t  s u g g e s t e d .  Many n o n a s p h a l t e n e  a r o m a t i c  m o l e c u l e s  
p r o b a b l y  u n d e r g o  p o l y m e r i z a t i o n  a n d  c o n d e n s a t i o n  a s  w e l l ,  a n d  a s p h a l t e n e s  
c a n  r u p t u r e  t o  f o r m  l i g h t e r  p r o d u c t s .  C o m p a r i s o n  o f  t h e  r e s u l t s  of  
c r a c k i n g  a t o t a l  b i t u m e n  w i t h  r e s u l t s  f r o m  a d e a s p h a l t e n e d  b i t u m e n  s h o u l d  
p r o v e  i n t e r e s t i n g .  

I n  o r d e r  t o  p r o v i d e  a s s u r a n c e s  t h a t  y i e l d  a n d  a n a l y t i c a l  r e s u l t s  
w o u l d  b e  m e a n i n g f u l ,  i t  w a s  i m p e r a t i v e  t h a t  h i g h  m a t e r i a l  a n d  e l e m e n t a l  
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ba lance  b e  a c h i e v e d .  T h i s  w a s  o n e  o f  t h e  p r i n c i p a l  c o n s i d e r a t i o n s  
i n  t h e  e x p e r i m e n t a l  d e s i g n .  T a b l e  I11 s h o w s  t h e  e l e m e n t a l  b a l a n c e  f o r  t h e  
W i l m i n g t o n  s a m p l e .  O t h e r  b i t u m e n s  showed s i m i l a r  r e s u l t s .  The  d a t a  
i l l u s t r a t e  t h a t  c a r b o n  a n d  h y , j r o g e n , r e c o v e r i e s  w e r e  e x c e l l e n t ,  w h i l e  
n i t r o g e n  a n d  s u l f u r  w e r e  s l i g h t l y  l o w .  M a t e r i a l  b a l a n c e  w a s  b e t t e r  t h a n  
9 9  p e r c e n t  i n  a l l  c a s e s .  

T a b l e  I11 - E l e m e n t a l  b a l a n c e  ( W i l m i n g t o n  r e s i d u e )  

W t - p c t  (0 f r e e  b a s i s )  
S t a r t i n g  A n a l y s i s  o f  
b i t u m e n  r e c o v e r e d  prod- 

C a r b o n  8 6 . 1  
H y d r o g e n  1 0 . 7  
N i t r o g e n  1.1 
S u l f u r  2 . 1  

8 6 . 7  
1 0 . 8  

0 . 9  
1 . 6  

C h a r a c t e r i z a t i o n  o f  P r o d u c t s  

G a s e o u s  p r o d u c t s  w e r e  a n a l y z e d  b y  g a s  c h r o m a t o g r a p h y  a n d  mass 
s p e c t r o m e t r y .  All g a s e o u s  p r o d u c t s  s h o w e d  t h e  t y p i c a l  c o n s i t u t i o n  
o f  a p y r o l y s i s  g a s .  An e x a m p l e  o f  mass s p e c t r a l  a n a l y s i s  f o r  t h e  
p r o d u c t s  d e r i v e d  f r o m  t h e  h i g h  s u l f u r  Tar S a n d  T r i a n g l e  b i t u m e n  i s  
g i v e n  i n  t a b l e  I V .  T h e  o x y g e n a t e d  c o m p o u n d s  a r e  b e l i e v e d  t o  b e  d e r i v e d  
f r o m  b i t u m e n  o x y g e n  c o m p o u n d s .  G a s e s  d e r i v e d  f r o m  t h e  o t h e r  b i t u m e n s  w e r e  
o f  a s i m i l a r  c o n s t i t u t i o n  w i t h  t h a t  f r o m  A s p h a l t  R i d g e  h a v i n g  a r e l a t i v e l y  
h i g h  c o n c e n t r a t i o n  o f  o l e f i n s  a n d  t h a t  f r o m  t h e  W i l m i n g t o n  h a v i n g  a 
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  m e t h a n e .  

T a b l e  I V  - C o m p o s i t i o n  o f  T a r  S a n d  T r i a n g l e  g a s e s  

M o l e ,  p c t  M o l e ,  p c t  

b a s i s )  b a s i s )  
Compound ( H e l i u m - f r e e  Compound ( H e 1  ium-f  r e e  

~ ~~ ~~~ 

H y d r o g e n  1 4 . 3  C y c l o p e n t e n e  0 . 1  
M e t h a n e  4 7 . 3  P e n t e n e s  ( n o n c y l i c )  . 7  
E t h y l e n e  1 . 6  I s o p e n  t a n e  . 3  
E t h a n e  1 0 . 9  n - p e n t a n e  1 . 3  
P r o p y l e n e  3 . 1  Ammonia . 7  
P r o p a n e  5 . 5  H y d r o g e n  s u l f i d e  5 .0  
1 , 3 - b u t  a d i e n e  0 . 1  C a r b o n  m o n o x i d e  3 . 9  
B u t e n e s  2 . 6  C a r b o n  d i o x i d e  
I s o - b u t a n e  0 . 0  
n - b u t a n e  2 . 2  T o t a l  1 0 0 . 0  

L i q u i d  p r o d u c t s  were  c h a r a c t e r i z e d  b y  e l e m e n t a l  a n a l y s i s ,  
p h y s i c a l  p r o p e r t i e s  a n d  a p p l i c a t i o n  o f t h e n - d - M  m e t h o d  ( 9 )  f o r  c a r b o n  
t y p e  a n d  r i n g  s t r u c t u r e ,  i n f r a r e d  s p e c t r o s c o p y ,  a n d  s i m u l a t e d  d i s t i l l a -  
t i o n .  E l e m e n t a l  a n a l y s i s  a n d  p h y s i c a l  p r o p e r t i e s  a r e  g i v e n  i n  t a b l e  V .  
G e n e r a l l y ,  t h e  b u l k  p r o p e r t i e s  a r e  r e m a r k a b l y  s i m i l a r  for a l l  s a m p l e s .  
C a r b o n / h y d r o g e n  r a t i o s  e x h i b i t  m o d e r a t e  v a r i a t i o n  w i t h  v a l u e s  g r o s s l y  
f o l l o w i n g  t h a t  i n  t h e  o r i g i n a l  b i t u m e n .  T h e  T a r  S a n d  T r i a n g l e  
c o n d e n s a t e  e x h i b i t e d  a s u b s t a n t i a l  i n c r e a s e  i n  h y d r o g e n  c o n t e n t  o v e r  
t h e  n a t i v e  b i t u m e n  w h i l e  o t h e r  s a m p l e s  e x h i b i t e d  l e s s  m a r k e d  e n r i c h m e n t .  
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S u l f u r  a n d  n i t r o g e n  c o n t e n t s  r e f l e c t  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of  
t h e s e  e l e m e n t s  p r e s e n t  i n  t h e  n a t i v e  b i t u m e n .  Oxygen h a s  b e e n  c o m p l e t e l y  
r e m o v e d ,  p r e s u m a h l y  as  w a t e r  a n d  t h e  o x i d e s  o f  c a r b o n .  S m a l l  a m o u n t s  
o f  w a t e r  w e r e  p r o d u c e d  a t  r e a c t i o n  t e m p e r a t u r e s  o f  3 5 0 "  t o  4 0 0 '  C .  
M o l e c u l a r  w e i g h t s  a r e  n e a r l y  i d e n t i c a l  f o r  t h e  t a r  s a n d  b i t u m e n s  w h i l e  
API g r a v i t y  a n d  r e f r a c t i v e  i n d e x  show m i n o r  v a r i a t i o n s .  The  s i g n i f i c a n c e  
o f  t h e  n e a r l y  c o n s t a n t  p h y s i c a l  p r o p e r t i e s  c a n  b e  s e e n  i n  t h e  r e s u l t s  
o f  t h e  n-d-M a n a l y s i s .  

I 

A p p l i c a t i o n  o f  t h e  Van N e s s  a n d  Van W e s t o n  ( 9 )  n-d-M m e t h o d  f o r  
e s t i m a t i n g  c a r b o n  s t r u c t u r e  w a s  made  w i t h  t h e  r e c o g n i t i o n  t h a t  t h e s e  
c o r r e l a t i o n  c h a r t s  w e r e  d e v e l o p e d  f o r  v i r g i n  o l e f i n - f r e e  p e t r o l e u m  I 

s a m p l e s .  The  p r e s e n c e  o f  e i t h e r  c y c l i c  o r  s t r a i g h t - c h a i n  o l e f i n s  i n  a 
s a m p l e  w o u l d  p r o b a b l y  a d d  s e m i q u a n t i t a t i v e l y  t o  t h e  a r o m a t i c  c a r b o n  
c o n t e n t  l a r g e l y  a t  t h e  e x p e n s e  o f  t h e  n a p h t h e n i c  c a r b o n .  The  p e r c e n t  
of  o l e f i n  c a r b o n  p r e s e n t  i n  c o n d e n s a t e  p r o d u c t s  d e r i v e d  f r o m  t h e  
d e s t r u c t i v e  d i s t i l l a t i o n  of  A s p h a l t  R i d g e  b i t u m e n  (1) a n d  d e l a y e d  c o k i n g  1 
o f  A t h a b a s c a  b i t u m e n  ( 1 0 )  r a n g e  f r o m  1 0  t o  1 2  p e r c e n t .  T h e  n-d-M c a r b o n  
t y p e  a n a l y s i s  w a s  a d j u s t e d  f o r  t h e  o l e f i n  c o n t e n t  by  s u b t r a c t i n g  t h e  
o l e f i n  c a r b o n  f r o m  t h e  a r o m a t i c  c a r b o n  a n d  a s s u m i n g  t h a t  a l l  o l e f i n s  
w e r e  p r e s e n t  i n  a r i n g  s y s t e m .  T y p i c a l  r a n g e s  of  c a r b o n  t y p e  a n d  r i n g  
t y p e  &re  g i v e n  i n  t a b i e  V I .  i n s p e c t i o n  o f  t h e  d e t a i l e d  data f u r  p r o d u c t s  
f r o m  e a c h  b i t u m e n  r e v e a l e d  m i n o r  d i f f e r e n c e s ,  w i t h  t h e  n a p h t h e n i c  c a r b o n  
e x h i b i t i n g  t h e  h i g h e s t  v a r i a b i l i t y .  T h e s e  a n a l y s e s  f u r t h e r  c o n f i r m  t h e  
s t r u c t u r a l  s i m i l a r i t y  o f  t h e  p y r o l y s i s  c o n d e n s a t e s  t h a t  w e r e  i n d i c a t e d  
by  t h e  s i m i l a r i t i e s  i n  t h e  p r o p e r t i e s .  

a 
I 

I T a b l e  V I  - C a r b o n  a n d  r i n g  t y p e  a n a l y s i s  o f  c o n d e n s a t e s  

A t o m i c  

i T y p e  p c t  o f  c a r b o n  

A r o m a t i c  c a r b o n  18-20  
N a p h t h e n i c  c a r b o n  ( s a t u r a t e d )  9-16 
O l e f i n  c a r b o n  10-12  I 

I P a r a f f i n i c  c a r b o n  55-60  
A r o m a t i c  r i n g s / m o l e c u l e  0 . 7  
N a p h t h e n i c - o l e f i n  r i n g s /  

mo 1 e c u l  e 0 . 8 - 1 . 2  I 

I n f r a r e d  s p e c t r a  w a s  e m p l o y e d  t o  o b t a i n  a d d i t i o n a l  q u a l i t a t i v e  
i n f o r m a t i o n  a b o u t  t h e  l i q u i d  c o n d e n s a t e  p r o d u c t s .  V i r t u a l l y  no a d s o r p -  ' 
t i o n  e x i s t s  i n t h e  f r e e  o r  b o n d e d  0-H o r  N-H r e g i o n .  The  C-H r e g i o n  
showed v i r t u a l l y  n o  a r o m a t i c  C - H ' a n d  t h e  i n t e n s i t y  o f  t h e  m e t h y l  C-H 
n e a r l y  e q u a l e d  t h a t  o f  t h e  m e t h y l e n f  C-H.  
t i o n  p e a k  c e n t e r i n g  a b o u t  1 , 7 0 5  cm i n d i c a t i v e  o f  t h e  p r e s e n c e  o f  
c a r b o n y l  c o m p o u n d s ,  i s  p r o b a b l y  d u e  t o  k e t o n e  a r t i f a c t s  g e n e r a t e d  upon 
e x p o s u r e - p f  t h e  s a m p l e  t o  a i r .  
1 , 6 4 0  cm 
m e r r y  o n  t h e  h i g h  f r e q u e n c y  s i d e  o f  t h e  a r o m a t i c  b a n d  ( 1 , 6 0 3  cm-l )  was 
a t t r i b u t e d  t o  t h e  p r e s e n c e  of  c o n j u g a t e d  o l e f i n s .  
made  f o r  s e v e r a l  s t r o n g  b o n d s  p r e s e n t  f r o m  1 , 0 0 0 - 7 0 0  cm . 

d i s t i l l a t i o n  b y  g a s - l i q u i d  c h r o m a t o g r a p h y .  R e s u l t s  a r e  g i v e n  i n  
t a b l e  VII. I n  t h i s  a n a l y s i s  s i g n i f i c a n t  d i f f e r e n c e s  a r e  o b v i o u s .  T h i s  
i s  r a t h e r  s u r p r i s i n g  i n  l i g h t  of  t h e  s i m i l a r i t i e s  i n  t h e  o t h e r  p r o p e r t i e s  

A b r o a d ,  i l l - d e f i n e d  a d s o r p -  

', 
A f a i r l y  s h a r p  b a n d  c e n t e r i n g  a b o u t  

w a s  a t t r i b u t e d  t o  u n c o n j u g a t e d  o l e f i n s .  The  e x i s t e n c e  o f  a s y a  

A s s i g p m e n t s  w e r e  n o t  1 
I 

I 

The b o i l i n g  p o i n t  d i s t r i b u t i o n  w a s  d e t e r m i n e d  f r o m  s i m u l a t e d  

15 4 
I 

I 



A p p a r e n t l y  a n  " a v e r a g e  s t r u c t u r e "  i s  d e f i n e d  b y  t h e r m o d y n a m i c  c o n s i d e r a -  
t i o n s  b u t  t h e  a c t u a l  d i s t r i b u t i o n  o f  m o l e c u l a r  s i z e s  r e l a t e s  b a c k  t o  
some y e t  unknown s t r u c t u r a l  f e a t u r e  o f  t h e  f e e d  b i t u m e n .  T h e  W i l m i n g t o n  
c o n d e n s a t e  i s  n o t i c e a b l y  h e a v y  w h i c h  i s  c o n s i s t e n t  w i t h  i t s  h i g h e r  
m o l e c u l a r  w e i g h t  a n d  s l i g h t l y  h i g h e r  d e g r e e  o f  r i n g  c o n d e n s a t i o n .  

T a b l e  V I 1  - S i m u l a t e d  d i s t i l l a t i o n  y i e l d s ,  w t - p c t  

ATH TST AR PRS WIL 

G a s o l i n e  C - 200'  c 7 . 5  7 . 2  1 1 . 9  1 0 . 4  8 . 6  
K e r o s i n e  280-275 '  C 1 2 . 9  1 1 . 5  1 9 . 9  1 4 . 7  1 1 . 6  
Gas o i l  275-325'  C 1 3 . 7  1 3 . 0  1 6 . 9  1 2 . 8  8 . 1  

+ 

H e a v y  g a s  o i l  325-450"  C 4 8 . 0  5 1 . 4  3 4 . 0  4 6 . 6  3 8 . 5  
Vacuum g a s  o i l  450-535 '  C 17.9 1 6 . 9  1 7 . 3  1 5 . 6  28.2 

S u b  t o t  a 1  100.0 1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  9 5 . 0  
R e s i d u e  0-4% 0-3% 0 - 5 %  0-2% 5-10% 

T h e  c o k e  w a s  c h a r a c t e r i z e d  b y  e l e m e n t a l  a n a l y s i s  a n d  h e a t i n g  v a l u e  
( t a b l e  V I I I ) .  A l l  o f  t h e  c o k e s  h a d  a s h i n e y  a p p e a r a n c e  w i t h  i n f r e q u e n t  
p o r e s .  Coke f r o m t h e u i n t a  B a s i n  s a m p l e s  a r e  e x t r e m e l y  l o w  i n  s u l f u r .  
I n c o m p l e t e  c o m b u s t i o n  i n  a n a l y s i s  i s  t h o u g h t  t o  c a u s e  low c a r b o n  v a l u e s  
i n  some s a m p l e s .  H e a t i n g  v a l u e s  w e r e  c a l c u l a t e d  f r o m  a c t u a l  p e r c e n t a g e s  
b e c a u s e  o x y g e n  c o n t e n t  i s  n o t  known.  

T a b l e  V I 1 1  - Coke a n a l y s i s  

A T H  T-SJ A R  P R S  WIL 

C a r b o n  ( w t - p c t )  8 8 . 6  8 7 . 7  8 7 . 9  8 7 . 7  8 3 . 8  
H y d r o g e n  2 . 5  2 . 8  3 .0  2 . 6  2 . 9  
N i t r o g e n  1 . 8  1 . 5  2 . 9  2 . 9  3 . 0  
S u l f u r  6 . 0  6 . 2  0 . 4  0 . 5  1 . 5  
H e a t i n g  v a l u e  ( B t u / l b )  1 4 , 9 6 0  1 4 , 9 5 0  1 4 , 8 6 0  1 4 , 7 2 0  1 5 , 1 6 5  

D i s c u s s i o n  o f  R e s u l t s  

T h e  e x p e r i m e n t a l  d e s i g n  o p t i m i z e d  s a m p l e  d e f i n i t i o n .  T h i s  p r o c e d -  
u r e  p r o v i d e s  a b a s e  f o r  c o m p a r i s o n  o f  r e s u l t s  w h i c h  c a n  b e  d e r i v e d  f r o m  
v i s b r e a k i n g ,  d e l a y e d  c o k i n g ,  c a t a l y t i c  c r a c k i n g  a n d  c a t a l y t i c  h y d r o -  
g e n a t i o n  e x p e r i m e n t s .  A l t h o u g h  r e a c t i o n  c o n d i t i o n s  d o  n o t  s i m u l a t e  
c o m m e r c i a l  c o k i n g  o p e r a t i o n s  p r e l i m i n a r y  i n t e r p r e t a t i o n  c a n  b e  made  o f  
t h e  t h e r m a l  c r a c k i n g  c h a r a c t e r i s t i c s  o f  U t a h  t a r  s a n d  b i t u m e n s .  By 
r e l a t i n g  r e s u l t s  f r o m  U t a h  s a m p l e s  t o  t h o s e  d e r i v e d  for A t h a b a s c a  a n d  
a r e p r e s e n t a t i v e  p e t r o l e u m  r e s i d u e  c o m p a r i s o n  i s  e s t a b l i s h e d  w i t h  
c o m m e r c i a l l y  p r o c e s s e d  s a m p l e s .  R e s u l t s  for t h e  A t h a b a s c a  s a m p l e  c o m p a r e  
f a v o r a b l v  w i t h  l i t e r a t u r e  r e s u l t s  ( 2 )  w i t h  gas  p r o d u c t i o n s  a n d  c o m p o s i -  
t i o n s  b e i n g  s i m i l a r  t o  d e l a y e d  c o k i n e .  o p e r a t i o n s  w h i l e  l i q u i d  y i e l d s  a r e  
h iahex-  ( 7 7  v s  7 0 )  a n d  c o k e  y i e l d s  a r e  l o w e r  ( 1 6  v s  2 2 )  i n  me p r e s e n t  
s t u d y .  T h e s e  r e s u l t s  a r e  e x p l a i n e d  b y  t h e  l o n g e r  r e s i d e n c e  t i m e  
u n d e r  h i g h e r  h y d r o c a r b o n  p a r t i a l  p r e s s u r e s  w h i c h  e n h a n c e s  t h e  c o n d e n -  
s a t i o n  r e a c t i o n s .  
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I 

I 

c e r t a i n  o b s e r v a t i o n s  r e g a r d i n g  t h e  r a t e  o f  l i g h t  g a s  a n d  l i q u i d  
c o n d e n s a t e  p r o d u c t i o n  d e s e r v e  a t t e n t i o n .  P l o t s  o f  t h e  r a t e  o f  g a s  
p r o d u c t i o n  a s  a f u n c t i o n  o f  t e m p e r a t u r e  r e v e a l e d  a t r i m o d a l  c u r v e  w i t h  
t h e m a j o r  r a t e  o f  g a s  p r o d u c t i o n  o c c u r r i n g  a b o u t  490"  C w i t h  l e s s  p r o m i n -  
e n t  p e a k s  o c c u r r i n g  a t  555O C a n d  610 '  C .  T h e s e  d a t a  s u g g e s t  t h a t  s e v e r  
d i s t i n c t  m o l e c u l a r  t y p e s  may b e  p r e s e n t  w i t h  d i s c r e t e  d e c o m p o s i t i o n  
t e m p e r a t u r e s .  A n a l y s i s  o f ' g a s e s  p r o d u c e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e  , 
r e v e a l e d  t h e  e x p e c t e d  i n c r e a s e  i n  o l e f i n  t o  s a t u r a t e d  h y d r o c a r b o n  r a t i o  
b u t  e x h i b i t e d  n o  c l e a r  e n h a n c e m e n t  o f  o n e  c o m p o n e n t  o v e r  a n o t h e r .  A t  
h i g h e r  t e m p e r a t u r e  t h e  C - C 5 / C 1  r a t i o  w a s  e n h a n c e d .  G e n e r a l l y ,  more  
t h a n  h a l f  t h e  g a s  p r o d u c g i o n  o c c u r r e d  a f t e r  l i q u i d  c o n d e n s a t e  p r o d u c t i o n  
h a d c e a s e d ( c a ,  525O C ) .  T h e  p e a k  g a s  p r o d u c t i o n  o c c u r r e d  some 40 '  C 
a f t e r  p e a k  c o n d e n s a t e  p r o d u c t i o n .  T h i s  s u g g e s t s  t h a t  p r e c u r s o r s  t o  
l i g h t  g a s e s  a r e  l a r g e l y  s h o r t  a l k y l  ( o r  n a p h t h e n e )  g r o u p s  a t t a c h e d  t o  
l a r g e r  n o n v o l a t i l e  m o l e c u l e s .  C r a c k i n g  o f  medium v o l a t i l i t y  m o l e c u l e s  
o r  l o n g  c h a i n  a l k y l  s u b s t i t u e n t s  t o  l i g h t  g a s e s  w o u l d  g i v e  r i s e  t o  s i m u l -  
t a n e o u s  c o n d e n s a t e  p r o d u c t i o n  w h i c h  i s  n o t  o b s e r v e d .  

I 

I 

I 

I 

I 

A d d i t i o n a l  i n s i g h t  i n t o  t h e  c r a c k i n g  b e h a v i o r  o f  t h e s e  b i t u m e n s  
i s  o b t a i n e d  f r o m  t h e r m a l  g r a v i m e t r i c  a n a l y s i s  (TGA). T y p i c a l l y ,  t h e  
d i f f e r e n t i a l  TGA c u r v e  ( c h a n g e  i n  r a t e  o f  w e i g h t  l o s s  v s  t e m p e r a t u r e )  
e x h i b i t s  a b r o a d  p e a k  a t  2 7 5 "  t o  3 5 0 "  C f o l l o w e d  by a w e l l  d e f i n e d  p e a k  
a t  435 '  t o  460 '  C .  C o m p a r i s o n  o f  TGA r e s u l t s  w i t h  t h o s e  of t h e  
s i m u l a t e d  d i s t i l l a t i o n ,  w h i c h  d e t e r m i n e s  v o l a t i l i t y  a t  s h o r t  h i g h -  
t e m p e r a t u r e  r e s i d e n c e  t i m e s ,  r e v e a l  t h a t  i n i t i a l  t h e r m a l  c r a c k i n g  may be 
t a k i n g  p l a c e  a t  t e m p e r a t u r e s  a s  l o w  a s  1 5 0 '  C w i t h  a p p r e c i a b l e  c r a c k i n g  
e x i s t i n g  a t  300 '  C .  T h e  s u s c e p t i b i l i t y  t o  t h e r m a l  c a r a c k i n g  was 
p a r t i c u l a r l y  a p p a r e n t  w i t h  t h e  W i l m i n g t o n  s a m p l e  w h e r e  o v e r  4 5  p e r c e n t  
TGA w e i g h t  l o s s  h a d  b e e n  e x p e r i e n c e d  b y  3 7 5 "  C when t h e  n o m i n a l  I B P  w a s  
4 8 5 "  C .  C o n v e r s e l y ,  v i s u a l  o b s e r v a t i o n  o f t h e  p r o d u c t i o n  o f  l i q u i d s  f r o m  
t a r  s a n d  b i t u m e n s  i n  t h e  b e n c h  s c a l e  e x p e r i m e n t s  s h o w e d  s u b s t a n t i a l l y  
l e s s  l i q u i d  p r o d u c t i o n  a t  3 7 5 "  C t h a n  w a s  e x p e c t e d  b a s e d  o n  t h e  
s i m u l a t e d  d i s t i l l a t i o n  d a t a .  T h e  i m p l i c a t i o n  i n  t h e s e  r e s u l t s  i s  t h a t  
e v e n  t h o u g h  t h e r m a l  c r a c k i n g  a p p a r e n t l y  o c c u r s  a t  l o w e r  t e m p e r a t u r e s ,  
m a s s  t r a n s f e r  e f f e c t s  may b e  a l i m i t i n g  f a c t o r .  

m 
I 

I 
T h e  t h e r m a l  r e a c t i v i t y  o f  t a r  s a n d  b i t u m e n s  i s  p r o b a b l y  u l t i m a t e l y  

r e l a t e d  t o  t h e  o v e r a l l  s e v e r i t y  o f  t h e  g e o c h e m i c a l  m a t u r a t i o n  p r o c e s s .  
In t h i s  r e g a r d  t h e  W i l m i n g t o n  s a m p l e  a p p e a r e d  n o t i c e a b l y  m o r e  r e a c t i v e  
t h a n  d i d  t h e  t a r  s a n d  b i t u m e n s .  T h i s  l e a d s  t o  t h e  s p e c u l a t i o n  t h a t  
m a t u r a t i o n  c o n d i t i o n s  h a v e  b e e n  m o r e  s e v e r e  f o r  t a r  s a n d s  c o m p a r e d  t o  
t h e  W i l m i n g t o n  c r u d e  o i l .  T h i s  f a c t o r  w i l l  p r o b a b l y  a f f e c t  t h e  
opt imum r e a c t i o n  c o n d i t i o n s  f o r  u p g r a d i n g  b i t u m e n  t o  s y n t h e t i c  c r u d e  O i l .  

T h e  w o r k  r e p o r t e d  h e r e  i s  t h e  r e s u l t  o f  a p r e l i m i n a r y  i n v e s t i g a -  I 
t i o n  a t  o n e  s e t  o f  r e a c t i o n  c o n d i t i o n s .  F o r  t h i s  r e a s o n ,  f u r t h e r  d i s c u s -  
s i o n  o f  t h e  m e c h a n i s t i c  i m p l i c a t i o n s  o f  o u r  a n a l y t i c a l  work  i s  r e s e r v e d  ' 
f o r  f u t u r e  p u b l i c a t i o n s  when t h e  e f f e c t s  o f  v a r y i n g  t h e  r e a c t i o n  c o n d i t i o  
c a n  a l s o  b e  d i s c u s s e d .  S u f f i c e  i t  t o  s a y  t h a t  k n o w l e d g e  o f  t h e  t o t a l  
a r o m a t i c ,  n a p h t h e n i c ,  p a r a f f i n i c  c o n t e n t  a n d  m o l e c u l a r  w e i g h t  d a t a  W i l l  

n c - t  b e  a d e q u a t e  t o  e x p l a i n  t h e  r e s u l t s .  More  s u b t l e  f a c t o r s  w h i c h  , 
may h a v e  s i g n i f i c a n t  e f f e c t s  on  y i e l d  a n d  y i e l d  s t r u c t u r e  i n c l u d e  d e g r e e  
a n d  t y p e  o f  a l k y l  s u b s t i t u t i o n ,  t h e  t y p e  o f  r i n g  c o n d e n s a t i o n  a n d  t h e  
p r e s e n c e  o f  c o k e  p r o m o t i n g  h e t e r o a t o m s  s u c h  as p y r i d i n e  t y p e  n i t r o g e n .  
T h e  m o d e l  compound p y r o l y s i s  s t u d y  o f  Madsen  a n d  R o b e r t s  (11) r e l a t e s  
t o  t h e  e f f e c t s  o f  t h e s e  c o m p o s i t i o n a l  f e a t u r e s .  

H 
I 
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C o n c l u s i o n s  - 

The raw l i q u i d  c o n d e n s a t e  f r o m t h e  l o w  s u l f u r  U i n t a  B a s i n  s a m p l e s  
show g o o d  p o t e n t i a l  f o r  h y d r o t r e a t i n g  t o  p r o d u c e  a h i g h  q u a l i t y  
s y n t h e t i c  c r u d e  o i l  a m e n a b l e  t o  c o n v e n t i o n a l  p r o c e s s i n g .  Compared  t o  t h e  
A t h a b a s c a  b i t u m e n  s a m p l e ,  t h e  U i n t a  B a s i n  p r o d u c t s  a r e  l o w  i n  s u l f u r ,  
h i g h  i n  h y d r o g e n ,  a r e  o f  c o m p a r a b l e  o l e f i n  c o n t e n t  a n d  a r e  p r o d u c e d  i n  
h i g h e r  y i e l d s .  T h e s e  c o m p a r a t i v e  f e a t u r e s  w i l l  s i g n i f i c a n t l y  e n h a n c e  t h e  
v a l u e  o f  t h i s  t a r  s a n d  r e s o u r c e .  G e n e r a l l y ,  t h e  h i g h  s u l f u r  b i t u m e n  
f r o m  U t a h ,  i . e . ,  T a r  S a n d  T r i a n g l e ,  w i l l  p r o d u c e  a s i m i l a r  p r o d u c t  i n  
t h e r m a l  p r o c e s s i n g  t o  t h e  A t h a b a s c a  b i t u m e n .  

Our p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  t h e r m a l  c r a c k i n g  o f  U t a h  a n d  
A t h a b a s c a  t a r  s a n d  b i t u m e n s  s h o w e d  t h a t  ( 1 )  c o n v e r s i o n  i s  p r i m a r i l y  a 
f u n c t i o n  of  h y d r o g e n  c o n t e n t ,  ( 2 )  b i t u m e n s  show a p p r e c i a b l e  c r a c k i n g  
a t  3 0 0 "  C w i t h  maximum c r a c k i n g  a t  4 5 0 "  C ,  ( 3 )  c o n d e n s a b l e  p r o d u c t  
c h a r a c t e r ,  a l t h o u g h  c o n s i d e r a b l y  u n i f o r m  f r o m  o n e  b i t u m e n  f e e d  t o  
a n o t h e r ,  t e n d s  t o  c o r r e l a t e  w i t h  b i t u m e n  c h a r a c t e r ,  ( 4 )  p r o d u c t s  d e r i v e d  
f r o m  t a r  s a n d  b i t u m e n s  c o m p a r e  f a v o r a b l y  w i t h  t h o s e  d e r i v e d  f r o m  a 
r e p r e s e n t a t i v e  p e t r o l e u m  r e s i d u e ,  ( 5 )  c o k e  g e n e r a t e d  f r o m  U i n t a  B a s i n ,  
U t a h ,  s a m p l e s  i s  e x t r e m e l y  l o w  i n  s u l f u r ;  ( 6 )  h y d r o g e n  d e m a n d s  i n  
h y d r o t r e a t i n g  p r o c e s s e s  w i l l  p r o b a b l y  b e  l o w e r  f o r  U t a h  s a m p l e s  t h a n  
f o r  A t h a b a s c a  s a m p l e s .  

A c k n o w l e d g e m e n t s  

The  work  r e p o r t e d  h e r e  w a s  s u p p o r t e d  b y  U.S. ERDA C o n t r a c t  
E ( 2 9 - 2 ) - 3 6 5 9 ,  N S F - C o n t r a c t  AER74-21867,  a n d  t h e  S t a t e  o f  U t a h .  

A c k n o w l e d g e m e n t  i s  e x t e n d e d  t o  S .  M .  D o r r e n c e  o f  t h e  L a r a m i e  
E n e r g y  R e s e a r c h  C e n t e r  (ERDA) f o r  f r e q u e n t  t e c h n i c a l  d i s c u s s i o n s  a n d  
f o r  c o n t r i b u t i o n s  t o  p r o g r a m  c o o r d i n a t i o n .  W e  t h a n k  K .  J. V o o r h e e s  
o f  t h e  F l a m m a b i l i t y  R e s e a r c h  C e n t e r  o f  t h e  U n i v e r s i t y o f  U t a h  f o r  h e l p f u l  
d i s c u s s i o n s  on  p y r o l y s i s  c h e m i s t r y  a n d  f o r  s u p p l y i n g  TGA a n d  DTA r e s u l t s .  

T h e  Tar S a n d  T r i a n g l e  s a m p l e  w a s  s u p p l i e d  b y  O i l  D e v e l o p m e n t  C o .  o f  
U t a h ,  t h e  P .  R .  S p r i n g  s a m p l e  w a s  s u p p l i e d  by T e x a c o  a n d  t h e  A t h a b a s c a  
s a m p l e  w a s  s u p p l i e d  b y  S u n  O i l .  We a r e  g r a t e f u l  f o r  t h e s e  c o n t r i b u t i o n s .  
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K1A O G 1  

INTRODUCTION 

Hydro t r ea t ing  c rude  d i s t i l l a t e s  i nvo lves  competing r e a c t i o n s  such 

as d e s u l p h u r i z a t i o n ,  d e n i t r o g e n a t i o n  and hydrogenat ion .  I n d i v i d u a l  s t u d i e s  

of t h e s e  r e a c t i o n s  have  been  d e s c r i b e d  i n  t n e  l i t e r a t u r e  f o r  s e v e r a l  model 

compounds'' '* '. 
nas  been r epor t ed4 '  '. 
of petroleum u s i n g  model compounds. It was f e l t  t h a t  a s t u d y  w i t h  d i s t i l l a t e  

f r a c t i o n s  was r e q u i r e d  t o  de t e rmine  t h e  i n t e r a c t i o n  of t h e s e  competing r e a c t i o n s  

i n  t h e  i n d u s t r i a l  h y d r o t r e a t i n g  p rocess .  The purpose  of t h e  p r e s e n t  paper is 

t o  d e s c r i b e  t h e  i n t e r a c t i o n  of t h e  competing r e a c t i o n s  f o r  v a r i o u s  c a t a l y s t s  

and process  c o n d i t i o n s  a s  they  would be  encountered i n  a r e f i n e r y  a p p l i c a t i o n .  

A coker kerosene  d i s t i l l a t e ,  de r ived  from Athabasca b i tumen , was hydro t r ea t ed  

on unpromoted and promoted c a t a l y s t s  a t  v a r i o u s  r e a c t i o n  t empera tu res .  

I n  a few c a s e s ,  t h e  i n t e r a c t i o n  of t h e s e  competing r e a c t i o n s  

However, i t  i s  d i f f i c u l t  t o  s i m u l a t e  a l l  t h e  p r o p e r t i e s  

6 

EXPERIMENTAL 

The c a t a l y s t s  used i n  t h i s  s tudy  were unpromoted MOO /a lumina  3 
con ta in ing  3, 6 ,  9 and 1 2  w t  X of MOO 

1.1 w t  X COO - 2.2 w t  % MOO /a lumina ,  1.1 u t  % N i O  - 2.2 u t  % MOO /alumina 

and 3 w t  X COO - 1 2  w t  X MOO /a lumina .  The c a t a l y s t s  were prepared  by spray- 

ing  aqueous solutions of metal s a l t s  on alumina powder ( a  m i x t u r e  of 20 w t  % 

Cont inen ta l  O i l  Company "Catapa l  SB" and 80 w e  X "Catapa l  N" a lumina  

monohydrate) i n  a mix-muller7.  The impregnated mix tu res  were  d r i e d  

i n  a i r  a t  l l O ° C  f o r  3 hour s  and then  c a l c i n e d  a t  500°C for 3 hours. 

ca lc ined  powder was mixed w i t h  2 w t  % s t e a r i c  a c i d  and p res sed  i n t o  c y l i n d r i c a l  

p e l l e t s  (L = D - 3.2 mm) i n  a cont inuous  p e l l e t i n g  p r e s s .  The p e l l e t s  were 

r eca l c ined  a t  50O-55O0C f o r  4 hours  t o  remove t h e  s t e a r i c  a c i d .  

c a t a l y s t ,  3 w t  X COO - 1 2  w t  X MOO /alumina (Harshaw CoMo 0603T, 3 . 2  mm p e l l e t s ) ,  

was a l s o  used .  

and promoted MOO /alumina composed of 3 3 

3 3 

3 

The 

A commercial 

3 

The f e e d s t o c k  used f o r  t h e  h y d r o t r e a t i n g  s tudy  w a s  a coke r  kerosene  

d i s t i l l a t e  (193-279'C) s u p p l i e d  by Grea t  Canadian O i l  Sands L td .  of F o r t  

McMurray, A l b e r t a .  The p r o p e r t i e s  of t h e  f eeds tock  are l i s t e d  i n  Table  1. 
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The r e a c t i o n  measurements were c a r r i e d  ou t  i n  a bench s c a l e  

cont inuous  f low s y s t e m 8  w i t h  t h e  o i l  and hydrosPn !loving up through 

a f i x e d  bed of c a t a l y s t .  The r e a c t o r  w a s  0.025 m i n  i n t e r n a l  

d iameter ,  0.305 m l ong ,  and was made of 316 s t a i n l e s s  s t e e l .  The 

r e a c t o r  was f i l l e d  s e q u e n t i a l l y  from t h e  bottom wi th  4 2  m l  of b e r l  s a d d l e s ,  

100 m l  of c a t a l y s t  p e l l e t s  and 1 3  m l  of b e r l  s add le s .  The a x i a l  t empera ture  

p r o f i l e  was measured by  a movable thermocouple i n  a thermocouple w e l l  l oca t ed  

c e n t r a l l y  i n  t h e  r e a c t o r .  

i n  one of t h e  two down-stream v e s s e l s .  When s t eady- s t a t e  c o n d i t i o n s  had 

preva i led  for 1 h o u r ,  t h e  p roduc t  f low was rou ted  t o  t h e  second v e s s e l  where 

t h e  l i q u i d  p roduc t  w a s  c o l l e c t e d  f o r  subsequent  a n a l y s i s .  

The g a s  and l i q u i d  r e a c t i o n  products  were sepa ra t ed  

For a l l  t h e  exper iments  t h e  r e a c t i o n  p r e s s u r e ,  l i q u i d  space  v e l o c i t y  
2 and hydrogen f low rate were k e p t  c o n s t a n t  a t  1 .39  x 1 0 7 N / m  

2h-I and 890.5 m H2/m3 o i l  (5000 s c f  H2/bbl  o i l )  r e s p e c t i v e l y .  

t empera tures  w e r e  v a r i e d  i n  t h e  fo l lowing  sequence: 400, 420, 360, 320 and 

40OoC. 

the  s t a b i l i t y  of t h e  c a t a l y s t .  

(2000 p s i g ) ,  
3 The r e a c t i o n  

The second r u n  a t  4OO0C w a s  under taken  t o  check t h e  s e r i e s  and confirm 

The p r o d u c t  samples were ana lysed  f o r  su lphur ,  n i t r o g e n ,  a romat ics ,  

o l e f i n s  and s a t u r a t e s .  The conve r s ions  of h ighe r  b o i l i n g  f r a c t i o n s  t o  lower 

b o i l i n g  f r a c t i o n s  w e r e  de te rmined  by a tmospher ic  d i s t i l l a t i o n  and t h e  su lphur  

concen t r a t ion  by X-ray f l u o r e s c e n c e 9 .  The su lphur  appa ra tus  was c a l i b r a t e d  

using a s e r i e s  oE o i l  samples ana lysed  by t h e  bomb su lphur  technique  . The 

n i t rogen  c o n t e n t  w a s  measured us ing  a hydrogenation-microcoulometric appara tus  

developed and manufac tured  by the  Dohrmann Div i s ion  of Envi ro tech  Corp . ,  

Mountain V i e w ,  California ' ' .  

con ta in ing  10-100 ppm and was c a l i b r a t e d  us ing  p y r i d i n e ,  ca rbazo le  and acetan- 

i l i d e .  The samples  hav ing  h i g h e r  n i t r o g e n  x e r e  d i l u t e d  t o  reduce  t h e  n i t roeen  

concen t r a t ion  t o  t h e  working  range  of  tile i n s t rumen t .  

7 

The Dohrmann procedure  was developed f o r  o i l s  

Trine a romat i c s ,  o l e f i n s  - _  

- 

I' 

11 I 

I 
and S a t u r a t e s  were  s e p a r a t e d  u s i n g  t h e  ASTN s t anda rd  FIA method . The conversion ' 

of f r a c t i o n s  b o i l i n g  above 220°C t o  f r a c t i o n s  b o i l i n g  below 22OoC w a s  ca l cu la t ed  

u s i n g  t h e  d i s t i l l a t i o n  d a t a  i n  t h e  fo l lowing  equat ion:  

XBp = (100-F) - (100-P) 
100 - F 

where P = w t  % of  p roduc t  b o i l i n g  below 22OoC 

F = w t  Z of  f e e d  b o i l i n g  below 22OoC 
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RESULTS AND DISCUSSION 

C a t a l y s t  P re t r ea tmen t :  

P re l imina ry  s t u d i e s  showed t h a t  t h e  c a t a l y s t  p re t r ea tmen t  
1 2  

cond i t ions  are impor t an t  i n  o b t a i n i n g  s t a b l e  a c t i v i t y  . The oxides  

i n  t h e  c a t a l y s t s  a r e  s lowly  conver ted  t o  s u l p h i d e s  by t h e  hydrogen 

su lph ide  produced from t h e  su lphur  compounds i n  t h e  f eed .  Large 

v a r i a t i o n s  i n  c a t a l y s t  a c t i v i t y  have been r e l a t e d  t o  d i f f e r e n c e s  i n  t h e  

e x t e n t  of c a t a l y s t  su lph id ing .  I t  was found t h a t  a p re t r ea tmen t  w i th  t h e  

coker kerosene  f eeds tock  a t  r e a c t i o n  c o n d i t i o n s  of 1.39 x 10 N/m (2000 p s i g ) ,  

673OK, 2h-I and 890.5 m3H /m3 o i l  (5000 cu f t / b b l )  f o r  2 hours  produced an 

adequate  e x t e n t  of c a t a l y s t  s t a b i l i z a t i o n .  

7 2  

2 

K i n e t i c s  : 

Mass t r a n s f e r  e f f e c t s  i n  c a t a l y s t s  a r e  known t o  be impor t an t ,  
1 3  p a r t i c u l a r l y  when h y d r o t r e a t i n g  h igh  b o i l i n g  pe t ro leum f r a c t i o n s  

However, f o r  t h e  system used i n  t h i s  work t h e r e  w e r e  s t rong  i n d i c a t i o n s  

t h a t  mass t r a n s f e r  w a s  no t  c o n t r o l l i n g .  The f a c t  t h a t  the  d i f f e r e n t  

c a t a l y s t s  had markedly d i f f e r e n t  a c t i v i t i e s  s u g g e s t s  t h a t  t h e  e f f e c t  of e x t e r n a l  

mass t r a n s f e r  was n e g l i g i b l e .  O t h e r  expe r imen t s  under taken  i n  t h i s  l a b o r a t o r y  

wi th  a h ighe r  b o i l i n g  g a s - o i l  over  ex t ruded  c a t a l y s t s ,  having  d i f f e r e n t  

dimensions (0.317 mm and 0.159 mm) b u t  t h e  same chemica l  composi t ion ,  a l s o  

produced the  same a c t i v i t y  . This  i n d i c a t e d  t h a t  pore d i f f u s i o n a l  

r e s i s t a n c e  was n o t  c o n t r o l l i n g .  Add i t iona l  ev idence  f o r  minimal 

d i f f u s i o n a l  e f f e c t s  i s  ob ta ined  when one compares t h e  d e s u l p h u r i z a t i o n  and 

d e n i t r o g e n a t i o n  r e a c t i o n  d a t a  of two c a t a l y s t s  having  t h e  same me ta l s  con ten t  

(Table  2 ) .  For  1.1 w t  % N i O  - 2.2 w t  % MOO / a lumina ,  t h e  den i t rogena t ion  

convers ion  improved r e l a t i v e  t o  d e s u l p h u r i z a t i o n  convers ion  wi th  i n c r e a s i n g  

tempera ture .  For 3 u t  % MOO /alumina, t h e  d e s u l p h u r i z a t i o n  improved r e l a t i v e  

t o  d e n i t r o g e n a t i o n  conve r s ion  wi th  i n c r e a s i n g  t empera tu re .  Such changes 

i n d i c a t e  t h a t  t h e  d i f f e r e n c e s  i n  d e s u l p h u r i z a t i o n  and d e n i t r o g e n a t i o n  

a r e  no t  due  t o  pore d i f f u s i o n  e f f e c t s  and can  be  a t t r i b u t e d  t o  k i n e t i c s .  

. 

14 

3 

3 

The k i n e t i c s  of d e n i t r o g e n a t i o n ,  d e s u l p h u r i z a t i o n  and hydrogenat ion  

were s t u d i e d  on  3 w t  % COO - 1 2  u t  % Mo03/alumina c a t a l y s t .  

followed f i r s t  o rde r  k i n e t i c s  (F igu re  1 A)as  r e p o r t e d  by o thers15 .  

d e s u l p h u r i z a t i o n  followed second o rde r  k i n e t i c s  (F igure  1 B) . 

Deni t rogena t ion  
' The 
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S i m i l a r  d e s u l p h u r i z a t i o n  k i n e t i c s  have been  observed by o t h e r s  f o r  h igh  

su lphur  c rudes16 .  

a l s o  been r e p o r t e d  . 
d e s u l p h u r i z a t i o n  i s  f i r s t  o r d e r  f o r  i n d i v i d u a l  su lphur  compounds and appea r s  

t o  be second o r d e r  i n  a f e e d s t o c k  c o n t a i n i n g  d i f f e r e n t  types  of s u l p h u r  

compounds. 

fo l low r e v e r s i b l e  f i r s t  o r d e r  k i n e t i c s 1 8 .  

h e r e  the  d a t a  d i d  n o t  f i t  ze ro  o r d e r ,  f i r s t  o r d e r  i r r e v e r s i b l e ,  f i r s t  o r d e r  

r e v e r s i b l e  o r  second o r d e r  i r r e v e r s i b l e  k i n e t i c s .  Th i s  is probably due 

t o  t h e  i n h i b i t i o n  of t h e  hydrogena t ion  p rocess  by su lphur  compounds. 

Voorhoeve and S t u i v e r 1 9  

dev ia t ed  from f i r s t  o r d e r  k i n e t i c s  when carbon d i su lph idq  w a s  p r e s e n t .  

sugges t  t h a t  t h e  hydrogena t ion  sites are blocked by t h e  p r e f e r e n t i a l  a d s o r p t i o n  

of CS2.  I n  t h e  p r e s e n t  c a s e  i t  is e n t i r e l y  p o s s i b l e  t h a t  t he  s u l p h u r  compounds 

i n  t h e  feeds tock  compl ica ted  t h e  hydrogenat ion  k i n e t i c s  i n  t h i s  way. 

However, f o r  low su lphur  crudes, f i r s t  o rde r  k i n e t i c s  have 
1 3  Beuther  e t  a l l 6  and Schu i t  e t  a l l 7  sugges t  t h a t  

I n  t h e  l i t e r a t u r e ,  t h e  hydrogenat ion  of a romat i c s  is r e p o r t e d  t o  

However, i n  t h e  work d i scussed  

r e p o r t e d  t h a t  t h e  hydrogenat ion  of cyc lohexane  

They 

E f f e c t s  of  Metal Oxide Concen t r a t ion :  

S e v e r a l  c a t a l y s t s  of va ry ing  Moo3 c o n c e n t r a t i o n  were eva lua ted .  

F igu re  2 A shows t h a t  t h e  % conver s ion  bf su lphur  i n c r e a s e s  wi th  Mo03 concent ra -  

t i o n  and reaches  a p l a t e a u  a f t e r  9 w t  % Moo3. 
(F igure  2 B) show s i m i l a r  t r e n d s .  However, a t  32OoC t h e  r a t e  of i n c r e a s e  

of convers ion  w i t h  m e t a l  ox ide  c o n c e n t r a t i o n  w a s  cons ide rab ly  g r e a t e r  f o r  

den i t rogena t ion .  A t  a l l  t empera tu res  s t u d i e d  t h e  den i  t rogena t ion  conve r s ion  

is h igher  than  d e s u l p h u r i z a t i o n  f o r  t h e  whole series of unpromoted Mo03/alumina 

c a t a l y s t s .  

w a s  h ighe r  than d e s u l p h u r i z a t i o n  conve r s ion  f o r  low tempera ture  d i s t i l l a t e  

from coa l  tar (200 - 325'C, 0.83 w t  % S and 0 .40  w t  % N) on a WS2 c a t a l y s t  

a t  p re s su res  above 1000 p s i g .  

s u l p h u r i z a t i o n  c o n v e r s i o n s  were g r e a t e r  than d e n i t r o g e n a t i o n  convers ions  

f o r  a heavy gas -o i l  (345 - 525OC, 3.59 w t  % S and 0.38 w t  % N) on unpromoted 

MOO /alumina c a t a l y s t s  a t  2000 p s i g .  The combined r e s u l t s  i n d i c a t e  t h a t  t h e  

n i t rogen  i n  t h e  h e a v i e r  f r a c t i o n s  i s  much more d i f f i c u l t  t o  remove. 

The d e n i t r o g e n a t i o n  r e s u l t s  

Qader e t  alZo also r e p o r t e d  t h a t  t h e  d e n i t r o g e n a t i o n  conve r s ion  

However, W i l l i a m s  e t  alZ1 found t h a t  de- 

3 

Hydrogenat ion  of a r o m a t i c s  i n  coker kerosene  d i s t i l l a t e  showed a 

t r end  d i f f e r e n t  from d e n i t r o g e n a t i o n  and desu lphur i za t ion  (F igure  2 C ) .  A 

3 w t  % MOO /alumina c a t a l y s t  showed s i g n i f i c a n t l y  h ighe r  hydrogenat ion  

convers ion  than  t h e  p u r e  a lumina  s u p p o r t .  However, f u r t h e r  i n c r e a s e s  i n  MOO 
3 

3 
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c o n c e n t r a t i o n  only s l i g h t l y  improved t h e  hydrogena t ion  of a romat i c s .  

The convers ion  of f r a c t i o n s  b o i l i n g  above 220°C t o  f r a c t i o n s  

b o i l i n g  below 220°C ( equa t ion  1) was 

A t  4OO0C, t h e  pe r  c e n t  convers ion  inc reased  w i t h  i n c r e a s i n g  metal ox ide  

c o n c e n t r a t i o n  up t o  9 w t  % Moo3 and decreased  above 9 u t  % (F igure  2 D). 
22 32OoC, the  maximum was a t  6 w t  % Moo3. 

may provide  a p a r t i a l  e x p l a n a t i o n  f o r  t h e  maximum i n  convers ion .  

t h a t ,  f o r  MOO /alumina c a t a l y s t s ,  t h e  c a t a l y t i c  a c t i v i t y  i n  vapour-phase a l d o l  

condensa t ion  of n-butyraldehyde and tile esr s i g n a l s  ( i n d i c a t i n g  Mo5+ concn.)  

showed maxima a t  9 w t  % i n  Moo3, sugges t ing  t h a t  Mo5+ c e n t e r s  may be 

r e s p o n s i b l e  f o r  molecular  we igh t  r educ t ion .  Desu lphur i za t ion ,  d e n i t r o g e n a t i o n  

and hydrogenat ion  conve r s ions  d i d  n o t  show t h e s e  maxima. I t  would appear  t h a t  

q u i t e  d i f f e r e n t  s i tes a r e  involved  f o r  molecular  weight  r e d u c t i o n  than  f o r  

t h e  r e f i n i n g  r e a c t i o n s .  

measured f o r  a l l  c a t a l y s t s  s t u d i e d .  

A t  

The f i n d i n g s  of Seshadr i  e t  a 1  

They found 

3 

E f f e c t s  of Promoters:  

A t  low r e a c t i o n  t empera tu res  t h e  a d d i t i o n  of promoters t o  1400 / 

alumina c a t a l y s t s  a f f e c t e d  t h e  d e s u l p h u r i z a t i o n ,  d e n i t r o g e n a t i o n  and hydrogenat ion  

p rocesses  d i f f e r e n t l y .  

1.1 w t  % COO - 2 . 2  w t  % MOO / a lumina ,  t h e  conve r s ions  a t  320'C f o r  desu lphur i z -  

a t i o n ,  d e n i t r o g e n a t i o n  and a romat i c  hydrogena t ion  i n c r e a s e d  from 20 t o  76.7%, 

3 0  t o  48% and 31 t o  43% r e s p e c t i v e l y  (F igu res  1 A, 1 B and 1 C and Table  2 ) .  A 

l a b o r a t o r y  c a t a l y s t  c o n t a i n i n g  1 2  w t  % MOO /alumina was compared wi th  a 

commercial c a t a l y s t  having  3 w t  % COO - 1 2  w t  % MOO /alumina. I n  t h i s  ca se  the 

conve r s ions  improved from 38 .8  t o  93.5%, 57.2 t o  79.3% and 4 0 . 5  t o  49.2% 

r e s p e c t i v e l y .  The promotion of M O O  /alumina wi th  n i c k e l  showed s i m i l a r  3 
i n c r e a s e s  i n  d e s u l p h u r i z a t i o n ,  d e n i t r o g e n a t i o n  and hydrogenat ion  (Table  2 ) .  

A t  32OoC t h e  i n c r e a s e  i n  conve r s ions  due  t o  promoter a d d i t i o n  v a r i e d  i n  t h e  

fo l lowing  o r d e r :  

3 

Comparing c a t a l y s t s  gonca in ing  2.2 w t  % i100 /alumina and 3 

3 

3 

3 

d e s u l p h u r i z a t i o n  > d e n i t r o g e n a t i o n  > a romat i c  hydrogenat ion  

The results show t h a t  t he  a d d i t i o n  of c o b a l t  or n i c k e l  t o  molybdenum/alumina 

s i g n i f i c a n t l y  i n c r e a s e s  t h e  s e l e c t i v i t y  f o r  t h e  d e s u l p h u r i z a t i o n  r e a c t i o n  i n  

p a r t i c u l a r .  The promoter would appea r  t o  change t h e  chemisorp t ion  cha rac t e r -  

i s t ics  of su lphur  compounds i n  such a way a s  t o  s e l e c t i v e l y  improve desulphur-  

i z a t i o n .  
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S i m i l a r  r e s u l t s  w e r e  ob ta ined  by W i l l i a m s  e t  a12' showing 

t h a t  t h e  a d d i t i o n  o f  a , p r o m o t e r  s e l e c t i v e l y  i n c r e a s e d  t h e  d e s u l p h u r i z a t i o n  

conversion.  

t he  d e s u l p h u r i z a t i o n  and d e n i t r o g e n a t i o n  conve r s ions  were 78% and 24% respec t -  

i v e l y  compared t o  35% and 16% f o r  1 2  w t  % Moo3 c a t a l y s t s .  The impor t an t  po in t  

t o  n o t e  i s  t h a t  t h e  d i f f e r e n t  t ypes  of compounds p r e s e n t  i n  t h e  low b o i l i n g  

coicer kerosene and t h e  heavy g a s - o i l  f e e d s t o c k s  a i d  noc a f f e c t  t h e  promotio?, 

of  d e s u l p h u r i z a t i o n  by c o b a l t  or n i c k e l .  

Comparison of D e n i t r o g e n a t i o n  and Desu lphur i za t ion  a t  D i f f e r e n t  Temperatures:  

They found t h a t ,  a t  38OoC f o r  3 w t  ?$ COO - 1 2  w t  % Moo3 c a t a l y s t s ,  

The rate c o n s t a n t s  c a l c u l a t e d  u s i n g  t h e  f i r s t  o r d e r  equa t ions  f o r  

d e n i t r o g e n a t i o n  and t h e  second o r d e r  e q u a t i o n s  f o r  d e s u l p h u r i z a t i o n  a r e  shown 

in Arrhen ius  p l o t s  (F igu res  3 & 4 ) .  The r e s u l t s  o b t a i n e d  f o r  bo th  promoted 

and unpromoted c a t a l y s t s  a r e  g iven .  It is  seen from F igure  3 t h a t  t h e  activ- 

a t i o n  e n e r g i e s  ( p r o p o r t i o n a l  t o  t h e  s l o p e s  of  t h e  l i n e s )  f o r  den i t rozena t io r ,  de- 

crease wi th  i n c r e a s i n g  c o n c e n t r a t i o n s  of unpromoted Moo3 on alumina. 

hand, f o r  d e s u l p h u r i z a t i o n  (Figure 4 )  t h e  a c t i v a t i o n  e n e r g i e s  i n c r e a s e  wi th  

i n c r e a s i n g  Moo3 c o n c e n t r a t i o n .  

f o r  v a r i a t i o n s  i n  a c t i v a t i o n  e n e r g i e s  and f r equency  f a c t o r s  is t h e  d i f f e r e n c e  i n  

t h e  s t r c n g t h  of a d s o r p t i o n .  I n  t h e  p r e s e n t  work, t h e  v a r i a t i o n s  i n  a c t i v a t i o n  

e n e r g i e s  a l s o  s u g g e s t  t h a t  t h e  d i f f e r e n c e s  i n  d e n i t r o g e n a t i o n  and desu lphur i z -  

a t i o n  c o n v e r s i o n s  on MOO /a lumina a r e  caused by d i f f e r e n c e s  i n  s t r e n g t h s  of 

chemiso rp t ion  of  s u l p h u r  and n i t r o g e n  compounds on t h e  c a t a l y s t .  When N i  o r  

Co promoter w a s  added t h e  a c t i v a t i o n  e n e r g i e s  f o r  bo th  d e n i t r o g e n a t i o n  and 

d e s u l p h u r i z a t i o n  d e c r e a s e d ,  b u t  t h e r e  was a l a r g e  i n c r e a s e  i n  t h e  

frequency f a c t o r  f o r  t h e  d e s u l p h u r i z a t i o n  r e a c t i o n  compared t o  t h e  d e n i t r o -  

g e n a t i o n  r e a c t i o n .  

S a t t e r f i e l d  e t  a14 s u g g e s t  t h a t  t h e  i n t e r a c t i o n  between desulphur-  

On t h e  other  

CrmerZ3 s u g g e s t s  t h a t  one of t h e  r easons  

3 

i z a t i o n  and d e n i t r o g e n a t i o n  i s  temperature-dependent .  They s t u d i e d  t h e  

d e s u l p h u r i z a t i o n  of  model compounds such as thiophene and the  d e n i t r o g e n a t i o n  

of p y r i d i n e  on commercial  CoMo, N i M o  and NiW su lph ided  c a t a l y s t s  a t  temperature- 

up t o  425OC and p r e s s u r e s  u p  to 1.1 x l o 3  kN/m2 (11 atm).  

thiophene i n h i b i t e d  d e n i t r o g e n a t i o n  and a t  h i g n  t empera tu res  t h e  su lphur  

compounds ennanced t h e  d e n i t r o g e n a t i o n .  The r e s u l t s  ob ta ined  w i t h  d i s t i l l a t e  

f r a c t i o n s  and t h e  promoted c a t a l y s t s  bo th  i n  t h e  p r e s e n t  work and by W i l l i a m s  

et s u p p o r t  t h e  o b s e r v a t i o n s  of S a t t e r f i e l d  e t  a 1  . With the  coker  

d i s t i l l a t e  ove r  Co and N i  promoted c a t a l y s t s ,  t h e  d e s u l p h u r i z a t i o n  was much 

A t  low temperatures ,  

4 
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I 

h ighe r  than  d e n i t r o g e n a t i o n  a t  32OoC, bu t  t he  d e n i t r o g e n a t i o n  conve r s ion  

improved r e l a t i v e  t o  d e s u l p h u r i z a t i o n  w i t h  i n c r e a s i n g  temperature  (Table  2 ) .  

A l s o ,  Williams e t  a1 found t h a t  f o r  s i m i l a r  promoted MOO /a lumina c a t a l y s t s  

(Table 3 ) ,  t he  d i f f e r e n c e s  between t h e  conve r s ions  for d e n i t r o g e n a t i o n  and 

d e s u l p h u r i z a t i o n  decreased a t  h i g h e r  r e a c t i o n  temperatures .  

3 

With t h e  unpromoted c a t a l y s t s ,  on t h e  o t h e r  hand, t h e  h y d r o t r e a t i n g  

d a t a  shows a r e v e r s e  t r e n d .  The r e s u l t s  f o r  t h e  unpromoted c a t a l y s t s  

(Figures  1 A ,  1 B and Tab le  2)  w i t h  t h e  coker  d i s t i l l a t e  and of W i l l i a m s  e t  a i  

on gas -o i l  (Table 3 )  show t h a t  w i t h  i n c r e a s i n g  r e a c t i o n  t empera tu re ,  t h e  

desu lphur i za  t i o n  r e a c t  i o n  conve r s ion  improves r e l a t i v e  t o  d e n i t  r o g e n a t i o n  

conversion.  A comparison of r e l a t i v e  conve r s ions  f o r  d e s u l p h u r i z a t i o n  and 

den i t rogena r ion  a t  d i f f e r e n t  t empera tu res  d e f i n i t e l y  i n d i c a t e s  t h a t  t h e  

i n t e r a c t i o n  of t h e s e  r e a c t i o n s  depends o n  whether  t he  c a t a l y s t  i s  promoted 

or n o t .  

CONCLUSIONS 

Comparison of molecu la r  we igh t  r e d u c t i o n  and t h e  r e f i n i n g  r e a c t i o n s  

on unpromoted Moo3 c a t a l y s t s  i n d i c a t e s  t h a t  q u i t e  d i f f e r e n t  a c t i v e  s i tes  a r e  

involved f o r  molecu la r  we igh t  r e d u c t i o n  than  f o r  t h e  r e f i n i n g  r e a c t i o n s .  

V a r i a t i o m i n  t r e n d s  f o r  a p p a r e n t  a c t i v a t i o n  e n e r g i e s  of d e s u l p h u r i z a t i o n  and 

d e n i t r o g e n a t i o n  on unpromoted c a t a l y s t s  i n d i c a t e  d i f f e r e n c e s  i n  chemiso rp t ion  

c h a r a c t e r i s t i c s  of n i t r o g e n  and s u l p h u r  compounds. 

With the  promoted c a t a l y s t s ,  t h e  k i n e t i c s  observed w i t h  t h e  d i s t i l l a t e  

f r a c t i o n s  g e n e r a l l y  a g r e e s  wi th  t h e  r e s u l t s  of  t h e  pure compound s t u d i e s .  The 

t r end  of t h e  d a t a  was t h e  same r e g a r d l e s s  of  t h e  b o i l i n g  r ange  o f  t h e  d i s t i l l a t e .  

However, i n  t h e  c a s e  of unpromoted c a t a l y s t s ,  t h e  b o i l i n g  range of t h e  f eed -  

s t o c k  has  a c o n s i d e r a b l e  i n f l u e n c e  on t h e  r e a c t i o n  r a t e s .  Comparison o f  t h e  

high p res su re  d a t a  f o r  coke r  ke rosene  r e p o r t e d  h e r e ,  t h e  h igh  p r e s s u r e  d a t a  of 

Williams e t  .Iz1 and t h e  low p r e s s u r e  d a t a  r e p o r t e d  by S a t t e r f i e l d  e t  a 1  

i n d i c a t e s  t h a t  w i t h  i n c r e a s i n g  r e a c t i o n  t empera tu re ,  t he  p re sence  of s u l p h u r  

compounds enhances d e n i t r o g e n a t i o n  r e l a t i v e  t o  d e s u l p h u r i z a t i o n  on promoted 

c a t a l y s t s  b u t  n o t  on  unpromoted c a t a l y s t s .  

4 
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TABLE 1 

PROPERTIES OF THE FEEDSTOCK 

______ ~~ 

Boi l ing  r a n g e ,  OC 

S p e c i f i c  G r a v i t y  60/60 O F  

Sulphur ,  ut % 

Nit rogen ,  ??m 
POUK P o i n t ,  OF 

Cloud P o i n t ,  OF 

F l a s h  P o i n t ,  OF 

Vanadium, ??m 

Nicke l ,  PPm 

I r o n ,  PPm 
Ramsbottom Carbon 

Residue (10% bo t toms) ,  w t  % 

P r o p e r t i e s  

Aromatics + o l e f i n s ,  v o l  % 

S a t u r a t e s ,  vol % 
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Coker Kerosene D i s t i l l a t e  

193  - 279 

, 0.871 

2 . 3 2  

430 

Below -60 

Below -60 

116 

0 .40  

0.36 

0.50 

0 .29  

58 

4 2  

I 

m 
c 
c 
1. 
'I 

I 

'I 
1 
m 
m 
PI 

I 

I 

Ip 

I 

I 



m 
4 

d 
4 . 
0 

4 

s 
m 

w 
LI 
? 
m 

4 

.rl 

rl . 4 
m 
0 

w 
U 

N 

N 
I 0 4 

z 
be 

LI 
3 

? 
d 

a 
4 

rl 

- 

4 

s 
. 

m 
0 

w 
U 
3 
N 

N 

I 0 

0 V 

w 
U 

? 
d 

- 
B 

rn 4 

x 0 
d 
m U 

El 

g 
U - 

:: 
U 

0 0 U 

0 ro m 

0 N 
m 

0 
N U 

__ 

0 
0 U 

0 
ID m 

0 
N m 

0 N 

U 

0 0 .3 

0 
LD m 

0 N 

m 

N o m  
W U U J  
. . .  

m m m  

r t N m  
r . 4 m  
. . .  

m m m  

m r o u  
w w m  
m r o u  
. . .  

h u m  . . .  
w u u  N m m  

1 ' 9 " '  
w w r .  m m m  

r t m m  

m m m  
. . .  

w .LD m 

q d N  . .  
i f r o N  
m w m  

a r . m  

m m m  
. . .  

w l . L D  

r o m r o  
w l n r o  
. . .  

m m m  

P - m r l  
N N U  
m w l n  

. . .  

" - !  
w w m  
r . U U  

169 



m 

170 



'B; 

TWERATURE : 20°C 

TEMPERATURE ; 3Boc 

FIGGRE 1 A FIRST O R E R  [LOT FOR iIEi.Il'fRXD.rATI0t.l 

FIGURE 1 kCCSlD OWER PLOT FOR DESU-PIiURIZATI0I.I 

(X;d - F R A C T I O V L  1.1 ii3GEt.l CCI'UVERSION) 

(Xs - FRACTI U N  SUYHUR COI.NEFS1OI.J) 
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HYDROCRACKING OF I N  SITU SHALE OIL 

P. L. Cott ingham and L. G .  Nickerson 

Energy Research and Development A d m i n i s t r a t i o n  
Laramie Energy Research Center, Laramie, Wyoming 82071 

ABSTRACT 

A group o f  once-through l a b o r a t o r y  hyd roc rack ing  experiments was made w i t h  crude 
i n  s i t u  shale o i l  from underground combustion r e t o r t i n g  o f  Green R ive r  o i l  shale.  
N i c k e l  oxide-molybdenum ox ide  c a t a l y s t  on a s i l i c a - s t a b i l i z e d  alumina suppor t  was used 
a t  1500 p s i g  pressure, 700". 750", and 800" F, and space v e l o c i t i e s  o f  0.6, 1.0, and 
2.0 volumes o f  o i l  pe r  volume o f  c a t a l y s t  pe r  hour. Y i e l d s  and p r o p e r t i e s  o f  gas- 
o l i n e - b o i l i n g - r a n g e  naphthas and broad-cut d i e s e l  f u e l s  a r e  g iven.  
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LFFECTS OF TIlERPfAL HYDROCRACKING ON THE 
COMPOUND-TYPE DlS1RlHiTlON I N  ATHABASCA BITlEIEI? 

A . E .  George,  R . C .  Bane r j ee ,  G.T. Smi l fy  ~ n d  I;. Sawatzky 

INTRODUCTION 

Upgrading Athabasca bi tumen r e q u i r e s  t h e  u s e  of p y r o l y t i c  p rocesses .  

i;ic c u r r e n t l y - u s e d  c o k i n g  p r o c e s s e s  a r e  w a s c e f u l ,  and a l t e r n a t i v e s  such a s  

t h e  the rma l  h y d r o c r a c k i n g  p r o c e s s  are  sough t  (1). T n i s  r e p o r t  d e a l s  w i t h  t h e  

nydrocarbon-type c o n v e r s i o n s  invo lved  i n  h y d r o c r a c k i n g  t h i s  a s p h a l t i c  

su lphurous  b i tumen ,  

F i v e  samples  of i iydrocracked b i tumen ,  s e l e c t e d  t o  r e p r e s e n t  i nc reas -  

i n g  s e v e r i t i e s  o f  t r e a t m e n t  as expres sed  i n  p i t c h  c o n v e r s i o n  t o  d i s t i l l a b l e  

f r a c t i o n s ,  were s u b j e c t e d  t o  a n a l y s i s  by l i q u i d - s o l i d  chromatography.  

A s c h e m a t i c  d i ag ram of t h e  p r o c e d u r e  and t h e  breakdown t o  compound 

t y p e s  is shown i n  F i g u r e  1. 

Ti1 ermal  Hydroc rack ing  

The h y d r o c r a c k i n g  p i l o t  p l a n t  and its o p e r a t i o n  have  b e e n  d e s c r i b e d  

i n  a p r e v i o u s  r e p o r t  (1). The r e a c t o r  is a v e r t i c a l  v e s s e l  t o  which the t o t a l  

Athabasca b i tumen  and hydrogen a r e  f e d  a t  t h e  bot tom. Any g a s e s  formed can 

escape  upwards immedia t e ly  and a re  removed i n  a s c r u b b e r  b e f o r e  t h e  hydrogen 

is r e c y c l e d  w i t h  t h e  f r e s h  make-up hydrogen  t o  t h e  r e a c t i o n  v e s s e l .  F i v e  

sarliples r e p r e s e n t i n g  i n c r e a s i n g  d e g r e e s  o f  hydroc rack ing  w e r e  s e l e c t e d  f o r  

i n v e s t i g a t i o n .  T h r e e  o f  t h e s e  samples  a r e  r e p r e s e n t a t i v e  of s t e a d y  s t a t e  con- 

d i t i o n s  of a l i q u i d  h o u r l y  s p a c e  v e l o c i t y  o f  2 ,  a f e e d  r a t e  o f  8000 grams per  

hour and t e m p e r a t u r e s  of 4 3 5 ,  445 and 4 5 5 O C  r e s p e c t i v e l y .  

ot i ier  two samples  were  ob ta ined  a t  a l i q u i d  h o u r l y  s p a c e  v e l o c i t y  of 1, a feed 

r a t e  o f  4090 grams p e r  hour  and t e m p e r a t u r e s  of 445 and 46OoC r e s p e c t i v e l y .  

MI t n e  samples  r e s u l t e d  from p r o c e s s i n g  a t  2000 p s i  o p e r a t i n g  p r e s s u r e  and a 

Lydrogen r e c y c l e  r a t e  of 1 . 5  cu f t / h r  a t  o p e r a t i n g  p r e s s u r e  and 2 5 O C .  

hydrogen p u r i t y  was 8 5 % .  ' h e  p roduc t  was s e p a r a t e d  i n t o  a l i g h t  and a heavy O i  

i n  a b o t  r e c e i v e r  v e s s e l .  

S i m i l a r l y ,  t h e  

Zie 

D i s t i l l a t i o n  

The l i g h t  o i l  was s e p a r a t e d  by  d i s t i l l a t i o n  (ASRI D216-54) t o  l i g h t  

SIC? heavy o i l  e x l s  b o i l i n g  below 200°C and t h e  f r a c t i o n  b o i l i n g  above  20OoC. 
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d i d  n o t  c o n t a i n  any l i g h t  ends b o i l i n g  below 200°C. 

above 524OC i s  d e f i n e d  as p i t c h .  

The d i s t i l l a t i o n  r e s i d u e  

- Deasphal t  i n g  

The a s p h a l t e n e  p o r t i o n  o f  t h e  heavy o i l  was p r e c i p i t a t e d  th rough  

t h e  a d d i t i o n  o f  twenty volumes of pen tane  t o  o n e  volume of o i l .  The 

a s p h a l t e n e s  w e r e  s e p a r a t e d  by f i l t r a t i o n ,  e x t r a c t e d  w i t n  pen tane  i n  a s o x h l e t  

e x t r a c t o r  and d r i e d  f i r s t  on a w a t e r  b a t h ,  t h e n  under  reduced p r e s s u r e  a t  5OoC. 

Tne main pen tane  s o l u b l e s  and wash ings  were  coinbined and n-pentane w a s  

comple t e ly  evapora t ed  from t h e s e  m a l t e n e s .  

Coiupound-Type S e p a r a t i o n  

T h e  l i g h t  ends d i s t i l l i n g  below 200°C were  ana lyzed  f o r  s a t u r a t e ,  

a romat i c  and o l e f i n i c  c o n t e n t s  on s i l i c a  g e l  u s i n g  t h e  f l u o r e s c e n t  i n d i c a t o r  

a d s o r p t i o n  method (ASTN D1319-70). 

Tne l i g h t  o i l  f r a c t i o n  b o i l i n g  above 2OO0C and t h e  d e a s p h a l t e d  

heavy o i l  (ma l t enes )  w e r e  s e p a r a t e d  i n t o  compound-type c o n c e n t r a t e s  o f  

s a t u r a t e s ,  monoaromatics ,  d i a r o m a t i c s ,  p o l y a r o m a t i c s ,  p o l a r  m a t e r i a l  and 

b a s i c  compounds i n  a dual-packed ( s i l i c a  g e l  and a lumina  g e l )  l i q u i d - s o l i d  

chromatographic  column deve loped  by  t h e  A P I  p r o j e c t  60  ( 2 ) ,  and mod i f i ed  i n  

o u r  l a b o r a t o r y  ( 3 ) .  The m o d i f i c a t i o n  c o n s i s t e d  of s c a l i n g  down t h e  o r i g i n a l  

p rocedure  by a f a c t o r  o f  10 and a p p l y i n g  p r e s s u r e  t o  i n c r e a s e  t h e  speed of 

s e p a r a t i o n .  The p o l y a r o m a t i c s  were e l u t e d  by benzene ;  t h e  p o l a r  m a t e r i a l  w a s  

e l u t e d  by a m i x t u r e  of p o l a r  s o l v e n t s  (metnyl  a l c o h o l ,  e t h y l  e t h e r  and benzene)  

~ i . 1  t h e  b a s i c  compounds w e r e  e l u t e d  by p y r i d i n e  a t  100°C ( F i g u r e  1). 

Tne number o f  moles  of t h e  v a r i o u s  t y p e s  o f  s t r u c t u r e s  w e r e  

determined u s i n g  a v e r a g e  m o l e c u l a r  w e i g n t s  t h a t  were  o b t a i n e d  by vapour  

p r e s s u r e  osmometry f o r  t h e  l i g h t  o i l  and heavy o i l .  'fie a v e r a g e  m o l e c u l a r  

v e i g i i t s  of t h e  l i g h t  o i l  f r a c t i o n  below 200°C were  de te rmined  from g a s  chromato- 

g r a p h i c  s imula t ed  d i s t i l l a t i o n  d a t a ,  assuming t h a t  t h e  m a t e r i a l  d i s t i l l i n g  when 

i , a l f  of t h e  s a m p l e  had d i s t i l l e d  r e p r e s e n t e d  t h e  a v e r a g e  m o l e c u l a r  w e i g h t .  

The a romat i c s  i n  t h e  l i g h t  ends  d i s t i l l i n g  below 200°C were assumed t o  b e  

mononuclear a r o m a t i c s  . 
Tne number o f  s u l p h u r - b e a r i n g  s t r u c t u r e s  i n  each  f r a c t i o n  was 

determined assuming t h a t  t h e r e  w a s  one  su lphur  atom p e r  i no lecu le .  The number 

o f  ~ ~ l p h u r - f r e e  s t r u c t u r e s  was t h e n  o b t a i n e d  by d i f f e r e n c e .  
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1hss S p e c t r o m e t r i c  A n a l y s e s  

A n a l y s e s  of t h e  a p p r o x i m a t e  c o m p o s i t i o n s  o f  t h e  c y c l i c  s a t u r a t e s  

were  performed on a C.E.C. 21-104 mass s p e c t r o m e t e r ,  o p e r a t e d  a t  an  i o n i z a t i o n  

p o t e n t i a l  of 70eV and u s i n g  e l e c t r i c  s c a n .  

RESULTS 

T,ie A t h a b a s c a  b i tumen is a heavy,  s u l p h u r o u s  o i l  w i t h  high a s p h a l t e n e  

and m e t a l  c o n t e n t s .  The c h v i c a l  n a t u r e  of i t s  hydrocarbons  i s  m o s t l y  a romat i c ,  

75% by w t ,  w i t h  a p r e v a l e n t  p o l y a r o i a t i c - p o l a r  c o m p o s i t i o n  of 70% of t h e  

a r o m a t i c s .  Tile p r o p e r t i e s  of t h e  b i tumen are g i v e n  i n  T a b l e  1. 

E f f e c t  of Thermal Hydrocracking  on t h e  Gross  Composi t ion  

I n c r e a s i n g  h y d r o c r a c k i n g  s e v e r i t y  c a u s e s  a s t e a d y  i n c r e a s e  i n  t h e  

amounts of l i g h t  o i l  ( T a b l e  2)  a t  t h e  expense  of t h e  heavy o i l  and a s p h a l t e n e  

c o n t e n t s .  llie a s p h a l t e n e  c o n t e n t  d i n i n i s h e s  from 15.37. i n  t h e  f e e d s t o c k  and 

13 .4% a t  435OC (LHSV-2) t o  2.72 a t  46OoC (LHSV-1). 

d e c r e a s e ,  c o n s i d e r i n g  t h a t  t h e  m o l e c u l a r  w e i g h t s  of t h e  t r e a t e d  a s p h a l t e n e s  

a l s o  d e c l i n e .  In t h e s e  c r a c k i n g  r e a c t i o n s ,  a s p h a l t t n e s  could  be formed as 

w e l l  as  d e s t r o y e d .  The p r e s e n c e  of hydrogen p r e s s u r e  would s u p p r e s s  a spha l t ene  

f o r m a t i o n .  The p e r c e n t a g e  of heavy o i l  i n  t h e  p r o d u c t  d e c r e a s e s  s t e a d i l y  t o  

54% of i t s  c o n t e n t  when t h e  s e v e r i t y  of t h e  o p e r a t i n g  t e m p e r a t u r e  was increased  

from 435OC (LHSV-2) t o  46OoC (LHSV-1). 

c o n s i d e r i n g  t h e  lower  m o l e c u l a r  weight  of t h e  p r o d u c t s .  

T h i s  i s  a n  a p p r e c i a b l e  

This e f f e c t  i s  even more pronounced 

The s e v e r i t y  of h y d r o c r a c k i n g  i s  more pronounced a t  t h e  lower l i q u i d  

h o u r l y  s p a c e  v e l o c i t y  d u e  t o  t h e  inc reased  r e s i d e n c e  t ime  of t h e  l i q u i d s  i n  

t h e  r e a c t o r .  A c o m p a r i s o n  of t h e  p i t c h  c o n v e r s i o n s  of t h e  two exper iments  a t  

445OC and s p a c e  v e l o c i t i e s  of 1 and 2 i s  g i v e n  i n  T a b i e  2 .  

E f f e c t  of T'nermal H y d r o c r a c k i n g  on  t h e  

Compound-Type D i s t r i b u t i o n  

Tne compound-type d i s t r i b u t i o n  on a weight  b a s i s  i s  shown i n  

T a b l e  3 .  The s u l p h u r  is i n c l u d e d  w i t h  t h e  a r o m a t i c  and p o l a r  t y p e s .  Tab le s  

4 and 5 show t h e  number of moles per  lOOg o f  b i t u m e n  f o r  t h e  hydrocarbons  and 

f o r  t h e  s u l p h u r  compoirnds r e s p e c t i v e l y .  
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S a t u r a t e d  Hydrocarbons:  

T'ne t o t a l  p e r c e n t a g e  of s a t u r a t e s  i n  t h e  l i q u i d  p r o d u c t s  of t h e  
L 1 -  WrLumen i n c r e a s e s  markedly w i t h  i n c r e a s i n g  s e v e r i t y  of hydroc rack ing ,  

p a r t i c u l a r l y  i n  t h e  l i g h t  ends .  Although t h e  s a t u r a t e  c o n t e n t  r ema ins  a l m o s t  

c o n s t a n t  i n  t h e  l i g h t  o i l  f r a c t i o n  above 2OO0C, t h e  i n c r e a s i n g  p e r c e n t a g e  of 

t h i s  f r a c t i o n  i n  t h e  t o t a l  product  i n c r e a s e s  t h e  t o t a l  s a t u r a t e  c o n t e n t .  

An approx ima te  mass s p e c t r o m e t r i c  r i n g  a n a l y s i s  o f  t h e  s a t u r a t e s  of 

t h e  Athabasca bi tumen shows t h a t  t h e y  a r e  m a i n l y  c y c l i c  w i t h  l i t t l e  o r  no  

a l i c y c l i c s .  About 90Z of t h e  c y c l i c  m a t e r i a l  is d i c y c l i c ,  t r i c y c l i c  and 

t e t r a c y c l i c  i n  e q u a l  p r o p o r t i o n s .  Wonocycl ics  are  a b s e n t ,  and p e n t a c y c l i c s  

O K  h i g h e r  r i n g  sys t ems  a r e  p r e s e n t  i n  o n l y  s m a l l  amounts .  The a l i c y c l i c  hydro- 

c a r b o n s  developed b e c a u s e  of hydroc rack ing .  The d i c y c l i c  and t r i c y c l i c  

sys t ems  p r e v a i l e d ,  fo l lowed  by t h e  monocyc i i c s ,  t h e n  t h e  t e t r a c y c l i c s ,  OK t h e  

r e v e r s e ,  depending o n  t h e  i n v e s t i g a t e d  b o i l i n g  r a n g e .  P e n t a c y c l i c  m o l e c u l e s  

d e c r e a s e d  t o  t r a c e  amounts ,  w h i l e  6-  and h i g h e r -  ring s t r u c t u r e s  d i s a p p e a r e d .  

The s a t u r a t e  c o n t e n t  i n c l u d e s  o l e f i n i c  hydroca rbons  r a n g i n g  i n  

t h e  l i g h t  o i l  

ixydrocracked p r o d u c t s  r e s p e c t i v e l y .  It r a n g e s  from 14 .6% t o  3.09 i n  t h e  

l i g h t  o i l  p roduc t s  above  200°C. 

below 200°C from 8.01 t o  5 .2% i n  t h e  l e a s t  and most s e v e r e l y  

Nononuclear  Aromatics:  

The monoaromatic c o n t e n t  of t h e  b i tumen  i n c r e a s e s  d r a s t i c a l l y  (175%) 

a t  t i l e  h i g h e s t  p i t c h  c o n v e r s i o n  r a t e  and abou t  h a l f  o f  t h i s  i n c r e a s e  t a k e s  

d a c e  a t  t h e  m i l d e s t  t r e a t m e n t  (Table  3 ) .  The number of a r o m a t i c  r i n g s ,  

however,  i n c r e a s e s  3 . 7  times (Table  4 ) ,  mos t ly  i n  t h e  form of benzene  s t r u c t u r e s  

i n  t i l e  l i g h t  o i l .  Benzene compounds a r e  v a l u a b l e  as chemica l  f e e d s t o c k s  and 

b e c a u s e  of t h e i r  combust ion c h a r a c t e r i s t i c s .  

The numbers of s u l p h u r  s t r u c t u r e s  i n  t h e  monoaromatic c o n c e n t r a t e ,  

m o s t l y  t h i o p n e n e s ,  d o u b l e  on t h e  m i l d e s t  t r e a t m e n t  and t h e n  remain a l m o s t  

c o n s t a n t  (Tab le  5). 

I i i nuc lea r  Aromat i c s :  _ _ _ _ ~ -  
T h i s  f r a c t i o n ' s  we igh t  p e r  c e n t  d e c r e a s e s  s l i g h t l y  on Liydrocracking 

(Tab le  3)  b u t  t h e  number o f  i t s  d i a r o m a t i c  r i n g s  d o u b l e s  (Tab le  4 ) .  The 

thcr:i ,ai  s t a b i l i t y  o f  t h e  a s s o c i a t e d  s u l p h u r  s t r u c t u r e s  a r e  i n d i c a t e d  by tneir 

s l i g h t  d e c r e a s e  (Tab le  5) w i t h  no ev idence  of f o r m a t i o n  from t h e  d e s t r u c t i o n  
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of  h ighe r  m o l e c u l a r  we igh t  components.  IJe h a v e  ev idence  ( 6 )  t h a t  most of 

t h e s e  s u l p h u r  compounds a r e  a l k y l  benzo th iophenes .  

Po lynuc lea r  Aromat i c s :  

The weigh t  pe r  c e n t  of t h i s  f r a c t i o n  d e c r e a s e s  by more t h a n  5 0 1  on 

h:ldrocracking, and 5 4 %  of t h i s  d e c r e a s e  o c c u r s  a t  t n e  l e a s t  s e v e r e  t r e a t m e n t  

(Table  3 ) .  However, t h e  number of t h e  po lya romat i c  s t r u c t u r e s  i n c r e a s e s  2 .75  

t imes in t h e  m i l d e s t  t r e a t m e n t ,  t h e n  g r a d u a l l y  t o  5 t imes a t  460°C (Table  4 ) .  

Kie a s s o c i a t e d  s u l p h u r  components a r e  u n s t a b l e  r e l a t i v e  t o  t h e  d i a r o m a t i c  

su lphur  s t r u c t u r e s  ( T a b l e  5)  and t h e y  d e c r e a s e  by  30% w i t h  t h e  m i l d e s t  treat- 

ment.  Th i s  p e r c e n t a g e  i n c r e a s e s  g r a d u a l l y  to 65% a t  46OoC. 

P o l a r  Components : 

Although t h i s  f r a c t i o n  d imin i shes  i n  we igh t  w i t h  hydroc rack ing  s i m i l a r  

t o  t h e  p o l y n u c l e a r  a r o m a t i c s  (Table  3 ) ,  t h e  number of t h e s e  p o l a r  s t r u c t u r e s  

i n c r e a s e  ( T a b l e  4 ) .  The j o i n . n g  s u l p h u r  s t r u c t u r e s  a r e  the rma l ly  u n s t a b l e  and 

:€crease t o  40% a t  46OoC (Tab le  5 ) .  

Bas i c  Compounds : 

?.lore t h a n  h a l f  of t h e s e  compounds a r e  des t royed  a t  t h e  m i l d e s t  

t r m p . r a t u r e ,  and only 15% remain  a t  46OOC. 

DISCUSSIOP; 

The i n c r e a s e  o f  t h e  s a t u r a t e d  : lydrocarbons c o n t e n t  is  caused by t h e  

c i e a v a g e  of a l i p h a t i c  components from t i le  a r o m a t i c ,  p o l a r  and a s p h a l t e n i c  

s t r u c t u r e s .  A t  t i le  m i l d e s t  t r e a t m e n t  t h i s  f r a c t i o n  a p p e a r s  t o  i n c r e a s e  m o s t l y  

a t  t h e  expellse of t h e  p o l y n u c l e a r  a r o m a t i c s  and t h e  p o l a r  m a t e r i a l s .  The 

OLher t y p e s  would a l s o  l o s e  p a r a E f i n i c  and c y c l i c  p o r t i o n s  t o  t h e  s a t u r a t e  

f r a c t i o n  and in t h e  meant ime r e c e i v e  t h e  same from t h e  h i g h e r  molecu la r  we igh t  

complex f r a c t i o n s .  'The s a t u r a t e d  hydroca rbons  c o u l d ,  t o  a l a r g e  e x t e n t ,  

r e p r e s e n t  c l e a v a g e  p r o d u c t s  from t h e  a s p i i a l t e n e s ,  e s p e c i a l l y  i n  t h e  l a s t  two 

t r e a t m e n t s .  Tne re  i s  a s t r o n g  r e l a t i o n s h i p  between tile r a t e  of a s p h a l t e n e  

d e s t r u c t i o n  and t h e  i n c r e a s e  i n  s a t u r a t e s  c o n t e n t  ( T a b l e s  1, 2 and F i g u r e  2 ) .  

The re  is a l s o  a r e l a t i o n s h i p  between t h e  mole i n c r e a s e  of t h e  

s u l p h u r - f r e e  monoaromatic  s t r u c t u r e s  (benzenes)  and t h e  d e g r e e  of n s p h a l t e n e s  
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co::Jcrsion ( F i g u r e  2 )  which s u g g e s t s  t h a t  t h e s e  benzenes are c l e a v e d  from t h e  

Complex a s p h a l t e n i c  s t r u c t u r e s .  However, t hey  cou ld  be g e n e r a t e d  by  t h e  

a r o m a t i z a t i o n  of c y c l o a l k a n e s .  

Aspha l t enes  a re  c o n s i d e r e d  t o  c o n s i s t  ma in ly  o f  l a r g e  s u b s t i t u t e d  

po lynuc lea r  a r o m a t i c  s t r u c t u r e s  ( h )  and t o  c o n t a i n  more h e t e r o a t o m s  t h a n  t h e  

o t h e r  bitumen f r a c t i o n s .  T h e r e f o r e ,  i t  would b e  expec ted  t h a t  t h e i r  c l e a v a g e  

d u r i n g  c r a c k i n g  shou ld  i n c r e a s e  t h e  p o l y n u c l e a r  a r o m a t i c  s t r u c t u r e s  as w e l l  

d S  t i le po la r  compounds. I h i l e  t h e r e  is a s t e a d y  i n c r e a s e  i n  t h e s e  f r a c t i o n s  

(Table  4 ) ,  t h e r e  i s  no d i r e c t  r e l a t i o n s h i p  between t h i s  i n c r e a s e  and t h e  ra te  

of a sp i i a l t ene  d e s t r u c t  i o n .  

The o n l y  compound t y p e s  t h a t  i n c r e a s e  i n  s u f f i c i e n t  q u a n t i t y  t o  

e x p l a i n  t h e  d i m i n i s h i n g  a s p h a l t e n e  c o n t e n t  i n  t h e  two most s e v e r e  t r e a t m e n t s  

;;e t h e  s a t u r a t e s  and t i l e  mononuclear  a r o m a t i c s .  S i n c e  i t  i s  n o t  p l a u s i b l e  

t o  assume t h a t  t h e  a s p b a l t e n e s  c o n s i s t  l a r g e l y  o f  benzene  strut t u r e s ,  a 

hydrogena t ion  s t e p  of the a s p h a l t e n e  c l u s t e r s  b e f o r e  unde rgo ing  c r a c k i n g  must 

b e  cons ide red  t o  e x p l a i n  t h e  i n c r e a s e  i n  monoaromatics .  

It i s  u n l i k e l y  t h a t  hydrogena t ion  consumes a p p r e c i a b l e  m o l e c u l a r  

hydrogen and t h e  major  consumption is p robab ly  d u e  t o  r e a c t i o n  w i t h  f r e e  

r a d i c a l s  formed on  c r a c k i n g ,  u n l e s s  some i n o r g a n i c  components i n  t h e  b i tumen  

ca:alyze hydrogena t ion .  P robab ly  t h e  h y d r o g e n a t i o n  o f  m o s t  of t h e  p o l y n u c l e a r  

a romat i c  c l u s t e r s  i n  t h e  a s p l i a l t e n e s  and some o f  t h e  p o l y n u c l e a r  a r o m a t i c  

f r a c t i o n s  occur  by hydrogen t r a n s f e r  r e a c t i o n s .  T e t r a l i n s  a r e  good hydrogen 

< d ; , d ~ ~  i n  t h e s e  r e a c t i o n s  b u t ,  i f  t h i s  i s  t h e  c a s e ,  t h e n  t h e r e  would b e  a n  

s p p r e c i a b l e  i n c r e a s e  i n  t h e  d i n u c l e e r  a r o m a t i c  s t r u c t u r e s  of t h e  p r o d u c t s  

where a s p h a l t e n e s  d e c r e a s e  s h a r p l y .  T h i s  was n o t  o b s e r v e d .  

It i s  known t h a t  cyc lohexanes  a r e  n o t  good hydrogen donors  b u t  

d e c a l i n s  a r e  ( 5 ) .  I f  t h e  a d d i t i o n  of one a l i p h a t i c  r i n g  t o  cyc lohexane  would 

i n c r e a s e  i t s  hydrogen-donat ing c a p a b i l i t y  g r e a t l y ,  t i len i t  c a n  b e  i n f . e r r e d  

t h a t  tile a d d i t i o n  of more s a t u r a t e d  r i n g s  would r e s u l t  i n  even b e t t e r  d o n o r s .  

Hie s a t u r a t e d  i iydrocarbons a r e  h i g h l y  c y c l i z e d  and t h u s  should be e f f e c t i v e  

iiydrogen donors .  For  t h e s e  r e a s o n s ,  i t  c a n  be aryued t h a t  t h e  l a r g e  complex 

s romat i c  c l u s t e r s  become hydrogena ted  d u r i n g  t n e  hydroc rack ing  r e a c t i o n s  by 

h;drogen r e s u l t i n g  from a r o m a t i z a t i o n  of s a t u r a t e d  s t r u c t u r e s  and t h a t  t h e  

irydrogenated s t r u c t u r e s  u n d e r ~ o  more e x t e n s i v e  c r a c k i n g .  Th i s  e x p l a i n s  t h e  

1.~rg.2 i n c r e a s e  i n  bo th  t ire benzene  s t r u c t u r e s  and s a t u r a t e d  hydroca rbons .  
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TABLE 1 

PROPERTIES OF ATHABASCA BITUMEN 

S p e c i f i c  Gravi ty ,  60/60°F 

Su lphur ,  w t %  

Ash, w t %  

V i s c o s i t y ,  e s t  a t  2 1 0 ' ~  

Conradson Carbon Res idue ,  w t %  

A s p h a l t e n e  ( p e n t a n e  i n s o l u b l e s ) ,  w t %  

Benzene I n s o l u b l e s ,  w t %  

Nicke l ,  ppm 

Vanadium, ppm 
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1.009 

4.63 

0.68 

152.2 

12 .8  

1 5 . 3  

0.9 

70.  
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PYROLYSIS OF A HYDROGENATED COAL LIQUID 

A. Korosi, H.N. Woebcke, and P.S. Virk 

Stone E Webster Engineering Corporation, Box 2325,  Boston, Ma 02107 

Introduction. 

The present work forms part of an effort at Stone E Webster 
to assess how the production of olefins might be affected by 
changes in feedstock origin from petroleum to coal. In what 
follows, we focus on experimental results concerning the 
characterization, hydrogenation, and pyrolysis of a coal-derived 
liquid; for comparison, data are also presented for the pyrolysis 
of a petroleum distillate, having a boiling range and hydrogen 
content similar to those of the coal liquid, as well as for 
pyrolysis of decahydronaphthalene, a model alicyclic substrate. 
Some economic implications of these results will be reported 
separately; related work in progress includes theoretical and 
experimental study of alicyclic pyrolysis pathways. 

Sample Preparation and Characterization. 

Our investigation commenced with a sample of 'Synthoil' coal 
liquid, produced from a Kentucky hvAb coal by a USBM process 
recently described by Akhtar et. al. ( 1 ) .  The Synthoil coal liquid 
was separated into seven fractions by refluxed batch distillation 
at subatmospheric pressures, of order 10 mm Hg. The second fraction 
(abbr. CLF), with atmospheric boiling range from 250 C to 380 C, 
comprised 3 6  weight percent of the original sample and this fraction 
was catalytically hydrogenated to yield the hydrogenated coal 
liquid sample (abbr. HCL) finally pyrolysed. 

procedures, with application of the SARA separation technique ( 2 )  
to enhance mass-spectrometric analyses. The principal SARA 
classification categories are Saturated hydrocarbons, Aromatic 
hydrocarbons, Resins, and Asphaltenes, with some further sub- 
divisions, e.g., mono-, di-, tri-nuclear aromatic hydrocarbons. 
Pertinent results are presented in Table 1 ,  (a) elemental anqlyses, 
and (b) SARA separation data. Individual compounds detected in the 
hydrocarbon fractions of the Synthoil coal liquid sample appeared 
to possess predominantly the pyrene and phenanthrene types of 
skeleta; the number of aromatic rings per molecule averaged two, 
1.e. the naphthalene type of pi-electron system, with a range from 
zero (alicyclic) to five (benzopyrene). It is noteworthy that coal 
liquids derived from other catalytic coal conversion processes ( 3 )  
also show a preponderance of compounds with pyrene and phenanthrene 
structures. 

Catalytic Hydrogenation. 

The coal liquid fraction, sample CLF, was catalytically 
hydrogenated in two stages, with operation temperature, hydrogen 
Partial pressure, LHSV, respectively (350 C, 125 bar, 0.25  inv. hr) 
and (300 C, 125 bar, 0 . 5 0  inv. hr). The first stage employed a 
Presulfided nickel-tungsten catalyst on alumina, a formulation of 

The coal liquids were characterized by standard analytical 
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the type commonly used in hydrogenation of aromatic feedstocks. 
Although detailed intermediate analyses were not obtained, it is 
estimated that the first stage reduced the aromatics content of the 
coal liquid from about 75 w t  % to about 25 wt %. The second stage 
employed a proprietary catalyst formulation which included a Pt 
group metal carried on alumina; this further reduced the aromatics 
content to about 12 wt %, its final value. 

Approximate analyses of the coal liquids before and after 
hydrogenation are indicated by Table 2, in terms of a matrix of 
the major compound types detected. Each row in Table 2 represents 
a particular structural skeleton, while each column represents a 
particular aromatic nucleus: carbon numbers increase from the 
bottom upwards and the extent of hydrogenation increases from left 
to right. Each element of the matrix is labelled by the structure 
of the compound, and by two numbers representing the respective 
weight percentages of that compound in the coal liquid samples 
before (CLF) and after (HCL) hydrogenation. Table 2 shows clearly 
the predominance of pyrene and phenanthrene structures in both the 
CLF and HCL samples. The total amount of 3-ring compounds was 
approximately the same, * 40 wt %, before and after hydrogenation 
but compounds with 4 rings seemed to decrease while those with 
6 2 rings increased following hydrogenation, suggestive of some 
associated hydrogenolysis. 
aromatic compounds remaining in the hydrogenated coal liquid were 
mainly benzenes substituted with alicyclic structures. 

Pyrolysis Experiments. 

It should also be noted that the 

The pyrolysis experiments were conducted in an electrically- 
heated once-through tubular flow reactor, designed to simulate the 
time-temperature history experienced in commercial steam-cracking 
operations. Reactor effluent compositions were ascertained by gas- 
chromatograph and mass-spectrometer analyses. Three feedstocks 
were pyrolysed: the hydrogenated coal liquid sample (HCL) described 
earlier, a petroleum distillate (LGO),)of Kuwaiti origin, and 
decahydronaphthalene (DHN) of 99.99 wt X purity with cis-trans 
isomer percentages 47-53. 

Pyrolysis results are summarized in Table 3, parts (a), (b), 
and (c) of which respectively concern feedstock characterization, 
pyrolysis conditions, and product yields. 

Comparison of HCL and LGO feedstocks in Table 3(a),reveals 
substantial similarities in their physical properties, 1.e. specific 
gravity and distillation data, but striking contrasts in chemical 
constitution, the respective paraffin, alicyclic, aromatic contents 
being HCL(1.0, 83.1, 12.8) and LGO(56.9, 23.0, 20.1). Pronounced 
differences also exist within each of the respective alicyclic and 
aromatic roups. 
lacking side chains, while the LGO has mainly single ring alicyclic 
compounds with substantial aliphatic side chains. Single aromatic 
ring compounds dominate the aromatic fractions in both the HCL and 
LGO but the benzene ring substitutions differ, the HCL containing 
cata-condensed alicyclic substituents, e.g. octahydrophenanthrene, 
whereas the LGO contains open chain alkyl substituents, e.g. n-octyl 
benzene. The HCL characterization suggests that it should be well 
modelled by an alicyclic compound of 2 to 3 rings, i.e., decahydro- 
naphthalene or perhydrophenanthrene. Table 3(a), column 3 shows 
that the DHN specific gravity and hydrogen content are indeed very 

Thus the HCL contains mainly 3-ring alicyclics 
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close to those of the HCL. 
A l l  three feedstocks were pyrolysed under substantially 

similar conditions, given in Table 3 ( b ) ,  with steam to hydrocarbon 
weight ratios 0.75f0.25, reactor residence times 0.35+0.05 sec, 
exit pressures 1.80+0.05 bar, and exit temperatures 862+12 C. 

Pyrolysis product spectra, shown in Table 3 ( c ) ,  merit 
comparisons between the HCL and LGO, and also between the nCL and 
nnN feedstocks. 

* Relative to the LGO, the HCL yielded somewhat less ethylene, 
and about half the propylene. Yields of 1 , 3  butadiene were about 
equal in both cases, but the HCL yielded only half the butenes, 
making for a greater proportion of the butadiene in the C4 fraction. 
In the aromatic 'BTX' fraction, the HCL produced roughly twice as 
much of each component, the ratio of C6:C7:C8 aromatic compounds 
being approximately the same 1.0:0.5:0.25 for each feedstock. The 
pyrolysis fuel oil fraction, with atmospheric boiling point 205 C ,  
was approximately equal in each case. The respective fuel oil 
sample5 were both aromatic, had similar hydrogen contents of 
6.85+0.15 wt X I  and analogous Rayleigh distillation curves, but 
differed in chemical constitution, the fuel oil from HCL containing 
major amounts of pyrenes and phenanthrenes whereas naphthalenes 
were the predominant constituents, 47 wt %, of the fuel oil from 
LGO . 
similarities, the yields of compounds from hydrogen through to the 
C5 fraction being virtually identical. Total BTX yields from HCL 
and from DHN were roughly in the ratio 2:3, with proportions of 
the C6-C8 aromatic compounds the same in each case. The HCL 
yielded twice as much pyrolysis fuel oil as DHN. The respective 
fuel oil samples were both aromatic, and had similar hydrogen 
contents and distillation curves, but their chemical compositions 
differed, the sample from DHN containing a broad distribution of 
aromatic compound types with naphthalenes, L-- 15 wt 9 6 ,  somewhat more 
abundant than any other group. 

Product yields from the HCL and DHN feedstocks showed striking 

Discussion. 

Hydrocarbon pyrolysis involves mainly free radical and 
pericyclic types of reactions, the principles of which are known 
well enough (4 ,5 )  to permit inference of likely pyrolysis pathways 
for any given molecule. Two simplified examples, pertinent to 
the present experiments, are illustrated in Figure 1 ,  which shows a 
plausable pathway for each of (a) perhydrophenanthrene and 
(bl octahydrophenanthrene, these compounds being respectively 
representative of the alicyclic and aromatic constituents of the 
HCL sample. The pathway in Figure l ( a )  commences in classical 
Rice-Herzfeld fashion, with hydrogen abstraction from the 10 
position; the resulting radical undergoes three successive beta C-C 
bond scissions and a final hydrogen atom elimination, leading to the 
'primary' unsaturated products of ethylene, 1 , 3  butadiene and 
1 ,3 ,5  hexatriene. The hexatriene is unstable relative to its 
1 , 3  cyclohexadiene isomer, the pericyclic pathway shown proceeding 
through electrocyclic ring closure of a butadiene moiety to cyclo- 
butene, followed by a 1 , 3  sigmatropic alkyl migration (alternately, 
the hexatriene could isomerize to the all-cis form which undergoes 
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electrocyclic ring closure). Finally, 1,3 hexadiene pyrolysis 
leads to benzene in high yields (6), by a radical mechanism. The 
pathway in Figure l(b), with an aromatic substrate, starts with 
hydrogen abstraction from the 2 position; this leads to a radical 
in which beta scission either requires rupture of the strong 1-11 
bond or forms a non-propagating benzylic radical at the 4 position, 
making hydrogen atom elimination a likely alternative. The molecule 
produced now contains a 1,4 dihydronaphthalene moiety, which is 
prone to pericyclic group transfer (1,4 elimination) with formation 
of the corresponding naphthalene moiety. This type of pathway will 
evidently cause any originally hydro-aromatic substrate to revert 
to its fully aromatic analog. 

Application of the foregoing provides some insight into the 
product yield spectra resulting from the HCL, LGO, and DHN 
feedstocks. In regard to the appreciably lower propylene yields 
obtained from HCL (also DHN) relative to LGO, we note that propylene 
is primarily produced by beta scission from 4-carbon moieties of 
the n- and iso-butyl type, following H abstraction from the 2 and 
1 (or 1') positions respectively. Such moieties are abundant in 
normal- and iso-paraffin compounds, which comprise a major portion 
Of the LGO feedstock, but are absent in alicyclic structures, 
which predominate in the HCL. Incidentally, the propylene yield 
from the HCL is far from negligible because pyrolysis of the primary 
substrate molecules produces others which contain the requisite 
moieties; e.g. in Figure l(a), the primary radicals formed after 
steps 3 and 6 could each abstract hydrogen from the substrate, with 
the resulting molecules both containing n-butyl moieties. There 
are two possible reasons why the ethylene yield from HCL was lower 
than that from LGO. First, at the present experimental conditions, 
appreciable amounts of ethylene arise from propylene decomposition, 
with reduced yields of such 'secondary' ethylene a consequence of 
the observed lower propylene yields. Second, the aromatic molecules 
in the LGO probably contribute more ethylene than those in the HCL. 
Ethylene production from substituted aromatic molecules requires 
alkyl carbon atoms more than two sigma bonds distant from the 
aromatic ring periphery, e.g., n-octyl benzene contains six such C 
atoms whereas 1,2,3,4,5,6,7,8 octahydrophenanthrene contains none. 
It had earlier been pointed out that the aromatics in LGO included 
alkyl benzenes, whereas those in the HCL were akin to octahydro- 
phenanthrene. The BTX fraction is another major product of both 
HCL and LGO pyrolyses. The relatively greater amount of benzene, 
and associated C7 and C 8  benzenes, obtained from the HCL seems 
related to the tendency of polynuclear alicyclic compounds to yield 
vinyl butadienes as primary pyrolysis products which can then follow 
facile pathways via hexadiene to benzene, possibly along lines 
indicated in Figure l(a). The HCL and LGO produced roughly equal 
amounts of pyrolysis fuel oil, the differing chemical constitutions 
of which mainly reflect differences in the aromatic portions of the 
respective feedstocks. 

The congruence between HCL and DHN product yield spectra for 
compounds containing less than eight carbon atoms implies a close 
similarity of pyrolysis pathways. Essentially the only difference 
arises in the pyrolysis fuel oil yields, in which regard the yield 
from DHN might reasonably be considered characteristic of polynuclear 
alicyclic pyrolysis under the present conditions. 
portion of the HCL would therefore be expected to yield about 

The alicyclic 
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0.85x11.6 10 wt X out of the observed 22.5 wt X fuel oil, the 
remainder, 12.5 wt %, corresponding closely with the amount of 
aromatic compounds, 12.8 wt X I  in the HCL feedstock. This suggests 
that the hydro-aromatic compounds present in the HCL were mainly 
pyrolysed to polynuclear aromatic compounds eventually contained 
in the fuel oil fraction; it is likely that pathways of the type 
shown in Figure l(b) contribute to this conversion. 

Finally, the foregoing has two interesting implications 
concerning catalytic hydrogenation of coal-derived liquids to 
provide pyrolysis feedstocks. First, the polynuclear aromatic 
molecules contained in coal liquids must be hydrogenated to their 
fully alicyclic analogs in order to provide desirable pyrolysis 
products; partial hydrogenation leads to hydro-aromatic molecules 
which tend to revert to their fully aromatic form upon pyrolysis, 
contributing mainly to the relatively undesirable fuel oil fraction. 
Put another way, the incremental yield of desirable olefinic 
products increases most strongly as the feedstock aromatics content 
approaches zero. Second, since the final stages of hydrogenation 
are of decisive importance, the most appropriate catalysts should 
be those capable of converting multiply substituted benzenes, i.e., 
catalysts which are relatively insensitive to the steric effects 
resulting from substitution around the aromatic ring periphery. 
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Table 1. Analyses of Coal Liquid Samples. 

(a) Elemental Analyses. 

Sample H C N 0 S C/H 

Coal Source (hvAb, MA??) 5.7 72.7 1.4 13.6 6.6 0.94 
percent by weight atomic 

Synthoil Coal Liquid 9.07 87.14 0.83 2.06 0.90 1.25 
Coal Liquid Fraction 2 10.47 87.50 0.38 1 .52  0.13 1.44 
Hydrogenated Coal Liquid 12.76 87.14 0.03 0.07 0.001 1.76 

(b) SARA Separation Data 

Sample Satur HC Arom HC Resins Asphaltenes 

Synthoil Coal Liquid 13.6 37.4 17.7 31.3 
percent by weight 

Coal Liquid Fraction 2 25.7 62.6 11.7 0.0 
Hydrogenated Coal Liquid 84.1  12.8 3.1 0.0 

Table 2. Approximate Compositions of Coal Liquid Samples 
Before and After Hydrogenation. 

..... ... . . . . . . . . . .  ......... ....... 

....... . . . . . . . . . . . . . . . . .  

0.6 4.0 
1 .6  ... 0.0 . . .  I 

5 .0  
. . .  .... .............. 

0.4: 13 .6 ;  16 .7  9.6i  
0.0: 0.6 ,  4.5 , . 35.0!  . 

! 
.-+ . . .  I ;.. ! m  im 

I 0.0,  2.5 22.0:  

1 .1  4 .4 !  

1 .2 :  9 .5  6.4 
. . . . . . . . .  ....... . 

18 0 
I.. 0.0, .... 13.8;  

Note: Figures in table are percentages by weight of the compound. 
In each row, upper figures refer to Coal Liquid Fraction 2 
before hydrogenation (sample CLF), while lower figures refer 
to Hydrogenated Coal Liquid (sample HCL). 
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Table  3. Summary of P y r o l y s i s  Exper iments .  

( a )  Feeds tock  C h a r a c t e r i z a t i o n .  

Feeds tock  Sample* HCL 

S p e c i f i c  G r a v i t y ,  15/15 C 0.895 
Elementa l  Ana lys i s :  H W t  % 12.76 

c w t  96 87.14 
D i s t i l l a t i o n ,  ASTM D86, v o l  X vs. deg  C 

0 ( I B P )  
10 
30 
50 
70 
90 
100 (EP) 

Hydrocarbon Group Types ,  w t  % :  
n - p a r a f f i n s  
i -pa ra f  f i n s  
a l i c y c l i c s  
a r o m a t i c s  

(b) P y r o l y s i s  Cond i t ions .  

Steam/Hydrocarbon we igh t  r a t i o  
Residence t i m e ,  sec 
Reactor  e x i t  p r e s s u r e ,  bar a b s  
Reac tor  e x i t  t e m p e r a t u r e ,  d e g  C 

184 
245 
268 
285 
304 
333 
348 

0.0 
1 .o 
83.1 
12.8 

1 .o 
0.3 
1.85 
875 

( c )  P r o d u c t  Yields, i n  weight  

Hydrogen 
Methane 
Acety lene  
E thy lene  
Ethane 
Propadiene  Propyne  
Propylene  
Propane 
1 I 3 Butadiene  
Butenes 
C5 o l e f i n s ,  d i o l e f i n s  
Benzene 
Toluene 
C8 Aromatics 
O the r  C6, C7, C 8  
C9+ t o  205 C 
P y r o l y s i s  F u e l  O i l  (2 205 C )  
T o t a l  

p e r c e n t .  

1.03 
1.66 
0.49 
8.83 
2.40 
0.58 
7.83 
0.21 
4.68 
1.63 
2.56 
12.15 
6.76 
3.43 
0.48 
2.82 

22.46 
100.00 

LGO 

0.828 
13.70 
86.16 

193 
238 
271 
293 
318 
351 
389 

23.50 
33.40 
23.00 
20.10 

0.5 
0.4 
1.80 
854 

DHN 

0.883 
13.12 
86.88 

187 
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196 

0.0 
0.0 
100. 
0.0 

0.5 
0.35 
1.15 
854 

0.60 
12.00 
0.39 

22.66 
3.96 
0.41 
13.02 
0.34 
4.82 
3.12 
2.72 
6.71 
3.51 
2.11 
0.50 
2.61 

20.51 
100.00 

1 .os 
0.35 
0.54 
9.36 
2.86 
0.29 
6.57 
0.20 
4.65 
1.41 
2.24 
7.97 
0.34 
4.88 
0.42 
5.21 
1.66 
00.00 

* Feeds tock  a b b r e v i a t i o n s  a s  fo l lows :  
HCL Hydrogenated C o a l  L iqu id  sample.  
LGO Ligh t  Gas O i l  pe t ro l eum d i s t i l l a t e  (Kuwait ,  d e s u l f u r i z e d ) .  
DHN Decahydronaphthalene.  
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AN INVESTIGATION OF OXYGEN FUNCTIONS IN BITUMEN FRACTIONS 

BY 

Speros E. Moschopedis and James G. Speight 
Fuel Sciences Dvision, 
Alberta Research Council, 
11315-87Avenue, 
Edmonton, Alberta, 
Canada, T6G 2C2. 

INTRODUCTION 

The function of heteroatoms (i .e. nitrogen, oxygen and sulphur) within a bitumen 
or petroleum has not yet been evaluated but on the basis of work carried out with a variety 
of petroleum asphaltenes and resins ( l ) ,  it appears that they play an important part in the 
intermolecular forces which are necessary for the colloidal stability of petroleums, bitumens 
and asphalts. For examp le, t he  asphaltenes themselves are insoluble in  the oils but are able 
to  exist in  bitumens (or petroleums) as micellular dispersions due to  the peptising effect of 
the resins. Thus, the stabil ity of the system primarily depends upon the relation of asphal- 
tenes and resins and finally upon the relationship between the micelles and the oily medium. 
Whilst very l i t t le i s  known about the locale of the hetero-atoms in bitumens and asphalts, 
prel iminary attempts have been made t o  place the hetero-atoms in aromatic or non-aromatic 
locations, within the Athabasca bitumen, by virtue of their retention in the cokes formed 
during pyrolysis (2-4). It therefore seemed worthwhile to examine the bitumen chemically 
and spectroscopically in  order t o  gain some knowledge of the hetero-atom types in this mat- 
erial. Thus, the results of investigations pertaining to the nature of the oxygen atoms within 
the asphaltene and resin fractions of the bitumen ore now reported. 

EXPERIMENTAL 

Deasphalted (pentane) Athabasca bitumen was mixed wi th  twenty (20) parts by weight 
of Fuller's earth whereby extraction with pentane yielded the oil fraction. Subsequent extr- 
action w i th  pyridine yielded the resin fraction. Further separation of the oi l  fraction by a 
standard chromatographic technique using a s i1  ica gel-alumina column with pentane and ben- 
zene yielded the saturates and aromatics, respectively. Infrared spectra were recorded as 
films on sodium chloride plates using a Perkin Elmer 221 Double Beam Infrared Spectrophot- 
ometer; the films were deposited from methylene chloride solution by evaporation of the sol- 
vent. 
Resin Interactions 
Sodium salt of resins: The resins were dissolved in dioxane and the solution heated under reflux 
with normal aqueous sodium hydroxide solution for 4 hr. The sodium salt of the resins was iso- 
lated by evaporation of the aqueous dioxane under reduced pressure. 
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Resin acids 
funnel with normal hydrochloric acid solution. The ethereal solution was washed with dist i l l -  
ed water until acid free (Congo paper), dried (anhy. sodium sulphate) and the products isolated 
by evaporation of the ether under reduced pressure. 
Acetylated resins:Resins and acetic anhydride were heated under reflux for 24 hr. The acetic 
anhydride was removed by distillation under reduced pressure at 65'C. The residue was repeat- 
edly dissolved in dry toluene and dried as before to ensure complete removal of the acetic 
anhydride. 
Methylated resins: Resins were methylated with diazomethane in ethereal solution. 
Asphaltene Interactions 
Acetylated asphaltenes: Method A Asphaltenes (5 g .), acetic anhydride (50 ml .) and pyridine 
(2 ml .) were heated under reLIux for 24 hr . The product was isolated by removal of the tiquids 
under reduced pressure at 65 C. The residue was repeatedly dissolved in toluene and the solvent 
removed as before t o  ensure complete removal of the acetic anhydride, extracted with ether 
(Soxhlet) and dried (7OCC/20 mm Hg); the ether extract amounted to 4% w/w of the material. 
The ether-insoluble material was finally purified by washing a toluene solution with water and, 
after drying over anhydrous sodium sulphate, the solvent was removed in the usual manner. 

treatment of each fraction with acetic anhydride. As above, the ether soluble fraction amounted 
to  4% w/w of the asphaltenes. Thus, the asphaltene fraction (5 g .) was acetylated as described 
in  Method A using toluene (50 mi.) as a solvent and the product was purified in  a similar manner 
but the ether extraction step was omitted. 

Acetyl group determinations were carried aut by the Alfred Bernhardt Microanalytical 
Laboratory, Elbach uber Engelskirchen, West Germany. 
Hydrolysis of phthalic and n-butyric anhydrides: The anhydride (1 9.) and aqueous potassium 
bicarbonate (10% w/w, 50 ml.) were stirred at roam temperature for 30 min.  After acidification 
with normal hydrochloric acid solution, the organic product was extracted with ether and the 
ethereal solution was washed (water) and dried (anhy . sodium sulphate). If a precipitate formed 
as a result of acidification, the material was isolated by filtration, washed (water) and dried 
(7OGC/2O mm Hg). Refluxing the reactants for 15 min. gave essentially the some results. 
Acetylated asphaltenes - aqueous potassium bicarbonate: Acetylated asphaltenes (1 g .) and 
aqueous potassium bicar bonate (10% w/w, 75 mi .) were stirred vigorously for 30 min. at room 
temperature. The asphaltenes were separated by filtration, washed with normal hydrochloric 
acid solution, water and dried (7OLC/2O mm Hg). Alternatively, a solution of acetylated asph- 
altenes (1 g .) in chloroform (20 ml .) was stirred vigorously with aqueous potassium bicarbonate 
(10% %u/w, 75 ml  .) for 30 min. at r w m  temperature. The organic layer was washed with normal 
hydrochloric acid, water and dried (anhy. sodium sulphate). The solvent was removed under red- 
uced pressure. 

A solution of acetylated asphaltenes (1 g .) 
in  benzene (50 mi.) and normal aqueous sodium hydroxide (25 ml.) was heated under reflux for 
30 min. The sodium salt of the reaction product was isolated by evaporation of the liquids on a 
steam bath and was finally dried under reduced pressure (70'C/20 mm Hg). 

The sodium salt was dissolved in ether and treated several times in an extraction 

Method B The asphaltenes were extracted with ether (Soxhlet) prior to  

- aqueous sodium hydroxide: 

RESULTS AND DISCUSSION 

The use of infrared spectroscopy to  identify oxygen functions, especially those res- 
ponsible far carbonyl absorptions, produced during the oxidation of asphalts has received con- 
siderable attention (5). However, the recognition of organically-bound oxygen in  unoxidised 
asphalts and bitumens has mainly been restricted t o  analytical data (6) and, with few exceptions 
(7), there has been little, or no, attempt to  identify the oxygen types in natural asphalts or bit- 

umens. 

199 



Preliminary infrared spectroscopic examination of the bitumen itself and the frac- 
tions derived therefrom (Figure 1) shows that the resin fraction exhibits the strongest absorp- 
tion in the carbonyl region of the infrared (1720 cm .-') and therefore was chosen as the 
starting material for these investigations. The infrared spectrum of the resins (Figure 20) i s  
characterised by two absorption bands in the 1500 - 1800 cm --' region which are centred at 
1600 cm .-I and 1720 cm .-I . The former i s  attributed to double bonds between carbon atoms 
whilst the latter i s  a'ssig ned tmarbonyl oxygen (8). After h drolysis, the sodium salt of the 
reaction product exhibits a strong absorption at 1580 cm .-'(Figure 2b); the original carbonyl 
band at 1720 cm .-I has completely disappeared whilst the 1600 cm .-I band i s  presumably 
masked by the strong and broad absorption band centred at  1580 cm .-I These changes in the 
infrared spectra of the resins suggest formation of carboxylate cations which are derived f r m  
the hydrolysed carboxylic acid esters origiiully present in the resin entities. Furthermore, 
treatment of the resin sodium salt with hydrochloric acid results in  displacement of the sod- 
ium ion and formotion o f  the free acid. The infdbred spectrum of the resin acids (Figure 2c) 
shows two bands centred at 1600 cm .-l and 1690 cm .-I . The latter band i s  assigned to  the 
carbonyl absorption of hydrogen-bonded carboxylic acid groups. These derivatives also ex- 
hibit broad absorption in  the 3200 - 3500 cm .-1 region of the infrared due to the stretching 
vibrations of hydrogen-bonded hydroxyl groups. When the hydrolysed resins are refluxed with 
acetic anhydride, the result i s  a product with a more complex infrared spectrum. As illustr- 
ated (Figure 2d), two new bands - centred at 1660 cm .-I and 1760 cm .-' - appear. The 
absorption at 1600 cm.-l i s  greatly reduced when compared with the 1690 cm .-' bond of 
the resin acids (Figure 2c) and the broad absorption in the 3200 - 3500 cm .-I region i s  also 
greatly reduced. It appears that reaction with acetic anhydride has caused acetylation of 
the free and hydrogen-bonded phenolic hydroxyl groups present in the hydrolysed resins 
giving rise to  the absorption bands at 1660 cm .-l and 1760 cm .-l which have previously 
been attributed t o  non-hydrogen-bonded carbonyl of a ketone and/or quinone and phenyl 
acetates, respectively (9).  

band at 1660 cm. 
absence of a catalyst. This method has been found effective by Moschapedis (9)  on coal 
humic acids and was later employed by Mathur (10) during studies of soil humic acids. Thus, 
examination of the infrared spectrum f the product (Figure 2f) again showed rominent abso- 
rptions at 1660 cm.-' and 1760 cm .-'. It was also noted that the 1660 cm.-'carbonyl band 
was much more intense when the resins were methylated prior to  treatmentwith acetic anhydr- 
ide in agreement with previous work (9-12) that acetylation takes place much more readily 
after the material has been methylated. In an attempt to ascertain the proximity of the var- 
ious oxygen functions in  the natural resins with respect to  each other, the resins and the 
hydrolysed resins were heated in sulpholane under reduced pressure in the manner outlined 
elsewhere (11). In both cases, anhydride formation failed to  occur thus indicating that any 
carboxylic acid functions in  the original resins and, for that matter, similar functions in the 
hydrolysed material are not located in such close proximity which would be conducive to  
anhydride formation (1 1). It i s  also noteworthy here thot whilst such carbonyl oxygen func- 
tions exist in isolated locations, the results of preliminary studies into the qwntitative an- 
alysis of oxygen functions in the resins indicate that esters are the predominant locale for 
oxygen in the resin fraction. These latter observy ions notwithstanding, the results described 
above lead to the concl usion that the 1720 cm. infrared absorption band of the natural 
resins i s  mainly due to the presence of esters in this material and, thus, the following trans- 
format ions ore proposed: 

In order o obtain stronger evidence and to substantiate further the weak absorption -\ , methylated resins were treated with refluxing acetic anhydride in the 
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At this stage, attention was turned to  the asphaltene fraction of the bitumen. An 
examination of the infrared spectrum of the asphaltenes (Figure 1) shows that characteristic 
absorptions due to  oxygen-containing functional groups are largely restricted t o  the 3200- 
3500 cm .-l region; this broad absorption has previously been assigned to h drogen-bonded 
hydroxyl groups (13, 14). Lack of any absorption in the 1670 - 1800 cm.-{region of the 
spectrum indicates that carboxylic acid carbonyl groups are absent from the asphaltene mol- 
ecule (14). Nevertheless, it i s  known that hydrogen-bonded carbonyl groups of ketones and/ 
or quinones appear in the 1600 cm .-’ region (14) and, consequently wi l l  be masked by the 
1590 cm .-l band present in the asphaltene spectrum; the 1590 cm .-f band in the infrared 
spectrum of asphaltene has been mainly assigned t o  carbon-carbon double bonds (8). 

infrared spectrum of the product (Figure 30) exhibits prominent absorptions in the 1680 - 
1800 cm .-’ region. Examination of the expanded infrared spectrum shows that the infrared 
bands of the acetylated material are centred at 1680 cm.-l, 1730 cm .-l and 1760 cm.-’ 
The relative intensities of the 1730 cm .-’ and 1760 cm .-’ bands appears to  depend upon the 
method by which the asphaltenes were treated with acetic anhydride. For example, when the 
asphaltenes were acetylated in suspension (Method A) the 1760 absorption was more 
intense than the 1730 cm .-’ band. The converse i s  true when the asphaltenes were acetylated 
in solution (Method B); in this case the 1730 cm .-’ band was more pronounced. Therefore, 

’ it is apparent that when asphaltenes were treatPd in  toluene solution acetylation i s  much more 
extensive and presumably includes acetylation of hydroxyl groups which may otherwise be 

When asphaltenes are heated with acetic anhydride in the presence of pyridine, the 
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sterically hindered when the material i s  in suspension and which are relatively diff icult to 
acetylate in this state. 

treatment with refluxing acetic anhydride suggest acetylation of free and hydrogen-bonded 
phenolic hydroxyl groups which are present in the asphaltenes (13). The absorption bands 
at 1680 cm .-I and 1760 cm .-l have previously been attributed to non-hydrogen bonded 
carbonyl of a ketone and/or quinone and t o  phenolic acetates, respectively (9). If the 1680 
cm .-l band is, i n  fact, due to  the presence of non-hydrogen bonded ketones or quinones, 
the appearance of this band in the infrared spectra of the products could conceivably arise 
by acetylation of o nearby hydroxyl function which had served as a hydrogen-bonding part- 
ner t o  the ketone (or quinone) thereby releasing this function and causing the shift from - ca. 
1600 cm .-’ to  higher fre uencies. 

products i s  also ascribed t o  phenolic acetates and, l ike the 1760 cm .-fband, falls within 
the range 1725 - 1760 cm .-l assigned to  esters of polyfunctional phenols suggesting that a 
considerable portion of the hydroxyl groups present in the asphaltenes may occur as collec- 
tions of two, or mare, hydroxyl functions on the same aromatic ring or on adjacent periph- 
eral sites or on sites adj acent t o  a carbonyl function in  a condensed aromatic system (1 1) .  

To check the possibility of anhydride formation which could also account for the 
1730 cm .-l and 1760 cm .-’ absorption bands in the products, the acetylated asphaltenes 
were treated at room temperature with aqueous potassium bicarbonate. The failure of this 
procedure t o  cause any changes in the spectra of the acetylated asphaltenes, when model 
anhydrides were hydrolysed by this reagent, i s  strong evidence for the exclusion of anhydr- 
ides from the products of the acetylation process. 

octerised by a broad absorption band at 3200-3500 cm .-’ and a moderately strong band 
centred at 1690 cm .-l The former band i s  assigned to hydrogen-bonded hydroxyl groups of 
phenols and/or carboxylic acids whilst the latter band is  assigned t o  the carbonyl group of 
carboxylic acids (14). After refluxing in an acetic anhydride-pyridine mixture, the product 
also had a band at 1690 cm .-’ but with shoulders on the high frequency side which consisted 
of absorptions at 1730 cm .-l and 1760 cm .-’ These two bands are again assigned to  the 
presence of polyfunctional phenol acetates since, after treatment with aqueous potassium bi- 
carbonate, no changes were observed in the position of these two bands in the infrared. 
Additional evidence for the assignment of the 1730 cm .-’ and 1760 cm .-l absorptions t o  
phenol acetates was obtained by hydrolysis of the acetylated products, in particular hydrol- 
ysis of the acetylated ether-soluble asohaltene as the original material contains carboxyl 
functions (Figure 3d) which could conceivably lead to  anhydride formation. Thus, treatment 
of the acetylated product with normal aqueous sodium hydroxide yielded o product with a 
strong absorption centred at 1580 cm.-l (Figure 4), assigned t o  the presence of the carbox- 
ylate ion (14), with no absorptions in the 1700-1800 cm .-l region. Since treatment with 
aqueous potassium bicarbonate did not cause any changes in the infrared but hydrolysis wi th  
aqueous sadium hydroxide caused marked changes in  the infrared spectrum, it i s  evident that 
the 1730 cm and the 1760 cm .-I absorption bands are due to  phenolic acetates and not to 
carbonyl functions of anhydrides. 

information (Table). The results showed that 40 - 60% of the oxygen present in the unreacted 
asphaltenes i s  accessible to acetylation and, in’accordance with the absorption band at 
1200 cm in the infrared spectra of the acetylated materials, i s  presumed to be in the form 
of phenolic hydroxyl groups (14). However, i t  seems that same of these particular groups may 

The observed changes in the infrared spectrum of the asphaltenes as a result of 

The 1730 cm.-? band, the third prominent feature in the spe trum of the acetylated 

The infrared spectrum o f  the ether-soluble asphaltene fraction (Figure Id)  i s  char- 

Finally, acetyl group determination in the products produced some interesting 
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be inaccessible to  acetylation because of steric factors since infrared spectroscopic examin- 
ation of the acetylation products in dilute solution (13) showed the presence of absorption 
bands due t o  non-hydrogen bonded hydroxyl groups. It i s  conceivable that groups of this 
type may be sterically hindered by virtue of their location in "hole" structures - i f  such 
structures do in fact exist within the asphaltene molecule (15). Nevertheless, it i s  apparent 
that the majority of the oxygen in the asphaltenes i s  in the form of hydroxyl groups. The 
remainder of the oxygen, apart from that in  sterically-hindered hydroxyl groups, could well 
exist as carbonyl functions (such as ketones and quinones), ethers, sulphur-oxygen functions 
as well as carboxyl functions in the ether-soluble fraction. 
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TABLE 

Sample 

Asphaltene product 
(Method A) 

Asphaltene (ether- 
insoluble) product 
(Method B) 

Asphaltene (ether- 
soluble) product 
(Method 8) 

Unreacted material 
%O rn .eq ./g . 
---not determined--- 

2.49 1 .56 

1 .82 1 .14 

204 

Product 
Yo acetyl m .eq ./g 

2.73 0 e63 

3.08 0.72 

2.74 0.64 
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STEAM PYROLYSIS OF TOSCO SHALE O I L  
FOR PRODUCTION OF CHEMICAL INTERMEDIATES 

C . F .  Griswold, V.F .  Yesavage, and P . F .  Dickson 
Colorado School of Mines, Golden, Colorado 

INTRODUCTION 

The recent national concern f o r  developing new sources of energy has increased 
in te res t  in creating ways to  u t i l i z e  the vast reserves of oi l  shale  in the U.S. 
This a t tent ion i s  evidenced i n  the numerous commercial projects being undertaken 
for  the production of synthetic fuels  from o i l  shale  ( 1 ) .  Research and develop- 
ment of synthetic fuels  from oi l  shale has been directed toward processing schemes 
involving retor t ing followed by a combination of coking, hydrostabilization, 
hydrodenitrogenation, reforming, and cracking ( 2 ) .  

weight) as reported by Sladek (3)  and Atwood (4 )  and comprehensively characterized 
by Poulson, e t  a l .  (5 )  and Cook ( 6 ) .  
refinery catalysts ,  exis t ing re f iner ies  would not be able t o  cope with the high 
nitrogen content of raw shale  o i l  i f  i t  were a substantial p a r t  of the refinery 
feed (2,7). Frost, et  a l .  (7)  reports t h a t  the National Petroleum Council has  
suggested t h a t  crude shale o i l  be upgraded a t  the retor t ing s i t e .  
Research and Development Administration i n  Laramie has developed a method for  re- 
f ining shale o i l  t h a t  involves the upgrading proposed by the National Petroleum 
Council (8) .  The upgrading would require severe prerefining s teps .  T h u s ,  any 
a l te rna t ive  use of shale o i l  tha t  does not require prerefining may be both prac- 
t i ca l  and economical. 

intermediates such a s  ethylene, propylene, benzene, toluene, and xylene. Steam 
pyrolysis of hydrocarbon feedstocks i s  the  most extensively used method f o r  pro- 
duction o f  petrochemical intermediates ( 9 ) .  Since steam pyrolysis i s  not a 
ca ta ly t ic  process, i t  may not require severe prerefining of the feedstock. 
therefore becomes an a t t rac t ive  al ternat ive.  

Typically, crude shale oi l  has a high content of organic nitrogen (2% by 

Since nitrogen i s  a poison f o r  current 

The Energy 

An a l ternat ive use of shale  o i l  i s  as a feedstock f o r  production of chemical 

I t  

Previous s tudies  o f  the u t i l i za t ion  of shale o i l  a s  a steam pyrolysis feed- 
stock have been undertaken by the U.S. Bureau of Mines (10) a n d  the Ins t i tu te  of 
Gas Technology (11) with s ign i f icant  resul ts .  
maximization o f  ethylene should be the object ive of steam pyrolysis. 

The role of ethylene as  a chemical building block i n  the petrochemical indus- 
t ry  i s  great and wil l  not be fur ther  discussed here. Tradi t ional ly ,  most ethylene 
has been produced by cracking ethane and propane due t o  the h i g h  product y ie lds  
possible. However, recently the ava i lab i l i ty  of ethane and propane f o r  feedstocks 
has not kept u p  with the demand. 
more important than feedstock pr ice  (13). Recently naphtha and heavier feedstocks 
have been used as  a l te rna t ive  feedstocks f o r  ethylene production. 

Chambers and Potter (12) report 

The continuity of feedstock supply is almost 

"Developmental studies of crude o i l  pyrolysis indicate t h a t  ethylene 
and other olef ins  can be produced a t  lower cost  and higher return on 
investment than by conventional naphtha pyrolysis." (14) 

T h u s ,  crude shale o i l  may be u t i l i zed  as an economical, readily avai lable  feed- 
stock for  ethylene production. 

A n  overall research program has been developed to  study the u t i l i za t ion  of 
shale oi l  produced from several re tor t ing processes as a feedstock for  steam 
pyrolysis. The e f fec ts  of feed composition, operating variables, and nitrogen 
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level on product d i s t r ibu t ion  will be studied. The object ive of t h i s  f i r s t  stage 
of the overall research program i s  t o  develop a steam pyrolysis uni t  t o  study the 
u t i l i za t ion  of shale o i l  produced from the TOSCO 11 re tor t ing  process a s  a feed- 
stock for steam pyrolysis with a major goal of obtaining maximum ethylene produc- 
tion. 

EXPERIMENTAL BASES 
Previous Work 

intermediates. Processes have been proposed and/or devel oped f o r  cracking crude 
(13,14,15,16,17), vacuum gas o i l  (18), and vacuum residuum (19). 
s ignif icant  experimental work w i t h  shale o i l  has been done by the  Laramie Energy 
Research Center of the Energy Research and Development Administration (10,201 and 
the I n s t i t u t e  of Gas Technology (11). 

ized o i l  shale, entrained i n  steam or other gaseous media, i n  a ver t ical  tube h i g h  
temperature r e t o r t .  
pyrolyzed for  comparison purposes. 
study. The r e s u l t s  show a s ignif icant  conversion to  the chemical intermediates of 
interest ;  however, a l l  runs were made below 12OO0F, which is below the temperature 
interval of i n t e r e s t  i n  th is  study. 

s i s  of a crude shale o i l  in a continuous flow vert ical  tube reactor. The experi- 
mental runs were made a t  higher temperature than the Laramie tes t s .  The shale oil 
studied was produced from Green River formation shale  by the Bureau of Mines gas 
combustion and the Union Oil Co. processes. The experiments were run f o r  reaction 
times over the 1- t o  4.5-second range a t  1400, 1470, and 1550OF for gasification 
a t  atmospheric pressure, a t  par t ia l  pressures of the product gas from 0.64 t o  0.76 
atm. T h u s ,  while the temperature range i s  suf f ic ien t ly  high, the  reaction times 
are re la t ive ly  high. The resu l t s  obtained by IGT will provide a basis f o r  compari- 
son. 

Reaction Variables 

greatly dependent on the composition of the  feedstock. Numerous s tudies  have been 
conducted t o  determine the yields  from both pure compounds and commercial feed- 
stocks. The ease of conversion of various feedstocks t o  ethylene has been summar- 
ized by Zdonik, e t  a l .  (18) and Vanderkooi (21). The feedstocks in order of 
decreasing convertabi l i ty  are: 

Pyrolysis has  been established a s  a n  effect ive process for  producing chemical 

The previous 

One ser ies  of tests by the Laramie Center involved the retor t ing of pulver- 

In another se r ies ,  shale  o i l  from a conventional r e t o r t  was 
The l a t t e r  se r ies  i s  the one relevant t o  this 

The s tudies  made by the I n s t i t u t e  of Gas Technology involved the steam pyroly- 

Feed composition: The ultimate y ie lds  of chemical intermediate products i s  

1. normal-Paraffins 
2. iso-Paraffins 
3. naphthenes 
4. olef ins  
5. aromatics 

Feeds and corresponding products o f  i n t e r e s t  a r e  summarized below: 
Feed Product Reference 
Paraffin L i g h t  o le f ins  18,21 
L i g h t  Olefins Benzene + Toluene 22,23 

Naphthenes Light olef ins  18 
aromatics 

Aromatics Unconverted 18,21 

other l i g h t  olef ins  
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Genera l ly ,  y i e l d s  o f  o l e f i n i c  and aromat ic  products  decrease as t h e  we igh t  o f  t h e  
feedstock increases. 
r e a c t i o n s  w i t h  each o t h e r  t o  condense i n t o  monoaromatics (22,23). Thus, feed- 
s tocks having d i f f e r e n t  paraffin-olefin-naphthene-aromatic (PONA) composi t ions 
and d i f f e r e n t  weights  w i l l  produce d i f f e r e n t  product  composit ions. 

w i t h  p r o p e r t i e s  (24): 

A d d i t i o n a l l y ,  t h e  l i g h t e r  o l e f i n s  may undergo secondary 

The shale o i l  t o  be pyro lyzed i n  t h i s  s tudy i s  f rom a TOSCO I 1  process r e t o r t  

G r a v i t y  21 A P I  
S u l f u r  0.7 w t  % 

Molecular  Weight 300 
N i t rogen  1.9 w t  % 

D i s t i l l a t i o n  curves f o r  t h e  TOSCO o i l  and crude sha le  o i l s  from t h e  gas combustion 
r e t o r t i n g  process and t h e  Union O i l  r e t o r t i n g  process ( t h e  o i l s  used by t h e  
I n s t i t u t e  o f  Gas Technology) a r e  r e a d i l y  a v a i l a b l e  (25). 

h ighes t  temperature gave maximum e thy lene  y i e l d s .  
hydrogen, methane, and e thy lene  y i e l d s  go up, propanes, butanes, and pentanes go 
up then down, and hexanes and non-aromatics go down (21). 
Technology (11) conducted t h e i r  p y r o l y s i s  t e s t s  between 1400 and 155OOF. 
Chemical (21) operates between 1382 and 1562oF. 

Temperature: Chambers and P o t t e r  (12) r e p o r t  t h a t  c rack ing  r e a c t i o n s  a t  
As temperature i s  increased,  

The I n s t i t u t e  of Gas 
Dow 

Time: 
e s s e n t i a l  (26) .  
0.5-1.5 seconds (21) and 1.0-4.5 seconds (11). 
t imes i s  expla ined by Kamptner (17): 

For maximum y i e l d s  of  l i g h t  o l e f i n s ,  low hydrocarbon res idence  t i m e  i s  
The prev ious s t u d i e s  have been made w i t h  res idence t i m e  ranges o f  

The importance o f  low res idence  

"The ch rono log ica l  course o f  t h e  r e a c t i o n  i n f l uences  t h e  occurrence 
of  d i s t u r b i n g  secondary r e a c t i o n s  which a r e  g e n e r a l l y  n o t i c e a b l e  i n  
a reduc t i on  i n  t h e  y i e l d  o f  va luab le  pr imary cracked products . "  

The res idence t i m e  i s  based on t h e  r e a c t o r  v o i d  volume, t h e  volume o f  steam f l o w  
a t  atmospheric pressure and r e a c t i o n  temperature, and t h e  ideal -gas volume o f  300- 
molecular -weight  o i l  a t  atmospheric pressure and r e a c t i o n  temperature. 

Steam-oi l  r a t i o :  I n  steam p y r o l y s i s ,  t he  steam a c t s  as a d i l u e n t  t o  p reven t  
excess ive coke format ion,  as an o i l  preheat  heat  source, and as a c a r r i e r  medium. 
I n  t h e  temperature range o f  i n t e r e s t  t h e  steam does n o t  p a r t i c i p a t e  i n  t h e  reac-  
t i o n s .  Studies have been made w i t h  steam-hydrocarbon mass r a t i o s  o f  0.2-0.8 (21) 
and 0.5-1.0 (26) f o r  feedstocks i n  t h e  range l i g h t  naphtha t o  heavy gas o i l .  

and/or u t i l i z e d  f o r  c o r r e l a t i n g  p y r o l y s i s  r e s u l t s  (11,12,21,26,27,28). The most 
common s e v e r i t y  f a c t o r  i s  t h a t  used by the  I n s t i t u t e  o f  Gas Technology which takes 
t h e  form: 

P y r o l y s i s  s e v e r i t y  f a c t o r :  Numerous s e v e r i t y  f a c t o r s  have been developed 

S = TQ0*O6 1)  
where S i s  p y r o l y s i s  s e v e r i t y  f a c t o r  

T i s  r e a c t i o n  temperature, F 
Q i s  res idence t ime, sec. 

The r e s u l t s  of t h i s  s tudy a re  c o r r e l a t e d  w i t h  t h e  I G T  s e v e r i t y  f a c t o r  w i t h  an 
a d d i t i o n a l  f a c t o r  t o  account f o r  t h e  e f f e c t  o f  steam-hydrocarbon r a t i o .  

APPARATUS AND PROCEDURE 

The continuous f low r e a c t o r  used i n  t h i s  s tudy (F igu re  1 )  cons i s ted  o f  a 12- 
i n c h  e x t e r n a l l y  heated s e c t i o n  of 1 - i nch  schedule-40 s t a i n l e s s  s t e e l  p ipe.  The 
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reactor was packed w i t h  1/2-inch porcelain bal ls .  Chromel-alumel thermocouples 
connected t o  a temperature recorder monitored the temperature within the reaction 
zone. The current 
t o  the heated zone was controlled w i t h  a Lindberg single-zone control u n i t  that  
responded t o  a Plat inel  I1  thermocouple in the middle of the  heated zone. 

was condensed and col lected.  The remaining vapor then passed through a s e r i e s  of 
water  and ice-water condensers and a f i l t e r  t o  remove any remaining condensables. 

The heat was supplied by a Linberg single-zone tube furnace. 

Below t h e  reactor  was a heavy o i l  separator in which the steam and heavy oi l  

The o i l  was fed t o  the reactor w i t h  an adjustable-stroke positive-displace- 
ment pump. 
with the o i l  a t  the entrance of the reactor. 
d i rec t  measurement of volume flowed during the reaction period. 

product compositions were determined by conventional gas chromatography. Solid 
carbon deposition i n  the reactor  was determined by measuring the weight gain of 
the reactor packing. 

Dis t i l l ed  water was fed through a boi ler  and superheater and mixed 
L i q u i d  feed ra tes  were determined by 

Gaseous products flow rates  were measured with a wet-test meter. Gaseous 

RESULTS 

A ser ies  of experimental runs were made to  determine the relat ionship between 
A detailed compilation of the reaction the reaction var iables  and product yields .  

conditions and corresponding product analyses i s  avai lable  elsewhere (29). 
effects  of the react ion variables a r e  discussed i n  the  following sections. 

Temperature 

160OoF for  0.8 sec residence time and 0.8 steam-hydrocarbon ra t io .  
the volumetric gaseous product yields  a r e  plotted a s  a function of reaction tem- 
pera ture. 

converted t o  gaseous products and the to ta l  volume of gaseous products. Gaseous 
product y ie lds  ranged from 3.96 standard cubic f e e t  per pound and 31.46 weight 
percent converted a t  130OoF to 9.23 standard cubic f e e t  per pound and 56.68 weight 
percent converted a t  16OOOF. 

As can be seen i n  Figure 2 ,  increasing temperature s ign i f icant ly  increases 
the yields of hydrogen, methane, and ethylene. Higher temperatures promote exten- 
s ive  additional cracking of the vaporized o i l  and thus the increased production of 
the l igh ter  gaseous products. Ethylene production increased from 1.17 standard 
cubic f e e t  per pound a t  130OoF to 3.27 standard cubic f e e t  per pound a t  160OOF. 
Corresponding increases of methane from 0.86 t o  3.93 and hydrogen from 0.18 t o  
0.49 were obtained. Propylene production increased from 0.71 standard cubic feet  
Per pound a t  1300OF t o  0.97 a t  1450OF and then decreased t o  0.52 a t  16OOOF due to  
fur ther  cracking t o  lighter products. 

Residence Time 

0.4, 0.8, and 1.2 sec for  145OoF temperature and 0.8 steam-hydrocarbon ra t io .  
volumetric gaseous product yields  a r e  plotted as  a function of residence time in 
Figure 2. 

and compositions was n o t  expected a s  shown in Figure 2. As residence time i s  
increased from 0.4 t o  1 . 2  sec the weight percent converted t o  gaseous product 

The 

Tests f o r  temperature e f fec ts  were made a t  temperatures of 1300, 1450, and 
In Figure 2 

Increasing temperature rapidly increases both the weight percent of the feed 

The ef fec t  of residence time w i t h i n  the reactor was investigated a t  times of 
The 

For the low residence times investigated a grea t  variation i n  product yields 
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increases from 50.06 t o  54.44, and t h e  vo lumet r i c  gaseous product  y i e l d s  increase 
from 6.78 t o  7.84 s tandard cub ic  f e e t  per  pound. As res idence t ime  was increased 
from 0.4 t o  1.2 sec, hydrogen yie1,ds increased f rom 0.31 t o  0.45 s tandard cubic  
f e e t  per pound, methane y i e l d s  increased f rom 1.92 t o  2.46, and e thy lene  y i e l d s  
increased from 2.44 t o  2.78. Propylene y i e l d s  remained e s s e n t i a l l y  cons tan t  a t  
1.0 standard cub ic  f e e t  pe r  pound. 

Steam-hydrocarbon R a t i o  

Experimental runs were made t o  i n v e s t i g a t e  t h e  e f f e c t  o f  steam-hydrocarbon 
r a t i o  on product  y i e l d s  and composit ions a t  r a t i o s  o f  0.4, 0.8, and 1.2 f o r  
1450OF temperature. The vo lumet r i c  gaseous product  y i e l d s  a r e  p l o t t e d  as a 
func t i on  o f  steam-hydrocarbon r a t i o  i n  F igu re  2. 

AS shown i n  F igu re  2 t h e  e f f e c t  o f  i nc reas ing  t h e  steam-hydrocarbon r a t i o  i s  
s i m i l a r  t o  i nc reas ing  t h e  res idence t ime.  
1.2, the weight  percent  convers ion t o  gaseous products  increases from 49.31 t o  
55.63, and t h e  vo lumet r i c  gaseous product  y i e l d s  i nc rease  from 7.02 t o  7.88 stand- 
a r d  cub ic  f e e t  per  pound. 

Although i n c r e a s i n g  t h e  r a t i o  increases crack ing,  t h e  c rack ing  tends more 
toward p roduc t i on  o f  e thy lene  r a t h e r  than methane. As t h e  r a t i o  was increased 
from 0.4 t o  1.2, hydrogen y i e l d s  increased from 0.34 t o  0.48 standard cub ic  f e e t  
per  pound and e thy lene  increased from'2.41 t o  2.87. Methane p roduc t i on  remained 
n e a r l y  constant  between 2.2 and 2.3 s tandard cub ic  f e e t  pe r  pound. 
y i e l d s  remained e s s e n t i a l l y  cons tan t  a t  1.0 s tandard cub ic  f e e t  pe r  pound. 

P y r o l y s i s  S e v e r i t y  Fac to r  

ab les on product  composit ions and y i e l d s  i n t o  one v a r i a b l e .  
f a c t o r  (11) w i l l  be used w i t h  an a d d i t i o n a l  f a c t o r  t o  account f o r  t h e  e f f e c t  o f  
steam-hydrocarbon r a t i o .  

As t h e  r a t i o  i s  increased f rom 0.4 t o  

Propylene 

The p y r o l y s i s  s e v e r i t y  f a c t o r  combines the  e f f e c t s  o f  a l l  t h e  r e a c t i o n  v a r i -  
The IGT s e v e r i t y  

The r e l a t i o n  t h a t  w i l l  be used f o r  c o r r e l a t i o n  i s :  

0.05 s = T Q O . ' ~  r a t i o  2) 
where r a t i o  i s  t h e  steam-hydrocarbon mass r a t i o .  

product  y i e l d s .  
(main ly  methane) and l i g h t  o le f i ns .  

F igure 4 shows t h e  gas composi t ion i n  mole percent  as a f u n c t i o n  of t h e  
p y r o l y s i s  s e v e r i t y  f a c t o r .  
gen and methane contents  and decreased contents  o f  h ighe r  p a r a f f i n s  and o l e f i n s .  
Except f o r  t h e  low temperature run, t h e  ethy lene con ten t  was n e a r l y  cons tan t  i n  
t h e  range 34.37-36.39 mole percent .  

The e f f e c t  o f  s e v e r i t y  on l i g h t  o l e f i n  p roduc t i on  i s  shown i n  F igu re  5. 
Greater  s e v e r i t y  o f  ope ra t i on  r e s u l t s  i n  t h e  f o l l o w i n g  t rends:  
t i o n  f i r s t  increases r a p i d l y  and then tape rs  o f f  t o  a steady r i s e .  I f s e v e r i t y  
were increased beyond t h e  range o f  t h i s  s tudy then an eventual  decrease i n  e t h y l -  
ene p roduc t i on  can be expected v i a  secondary r e a c t i o n s  as p r e d i c t e d  by Kamptner 
(17) and obta ined by IGT (11) .  
standard cubic  f e e t  per  pound which corresponds t o  24.2 weight  percent  o f  t h e  
feed. Propylene p roduc t i on  g r a d u a l l y  increases, then g r a d u a l l y  decreases due t o  
f u r t h e r  c rack ing  v i a  secondary reac t i ons .  
cub ic  fee t  pe r  pound o r  10.8 weight  percent  o f  t h e  feed. 
and propylene y i e l d s  i n t o  a t o t a l  l i g h t  o l e f i n  y i e l d  r e s u l t s  i n  a r a p i d  i n i t i a l  
increase which l e v e l s  o f f  t o  a cons tan t  p roduc t i on  r a t e  and then  begins t o  decrease 

F igure 3 shows the  e f f e c t  o f  p y r o l y s i s  s e v e r i t y  f a c t o r  on vo lumet r i c  gaseous 
Greater  s e v e r i t y  o f  ope ra t i on  y i e l d s  g r e a t e r  volumes o f  p a r a f f i n s  

Greater  o p e r a t i o n  s e v e r i t y  r e s u l t s  i n  increased hydro- 

e thy lene  produc- 

The maximum y i e l d  o f  e thy lene  obta ined was 3.3 

Propylene y i e l d  peaked a t  1.0 s tandard 
Combining b o t h  e thy lene  
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a t  high severi ty .  
f e e t  per pound and 31.8 weight percent of feed. 

Figure 6 shows the e f fec t  of severi ty  on sol id  products. 
increase approximately l inear ly  with pyrolysis severity. 

Comparison with IGT 

Ins t i tu te  of Gas Technology with the experimental resu l t s  of th i s  study. 
gaseous product volumetric yields  and ethylene yields a re  compared. 
were made on crude sha le  o i l  from the gas combustion retor t ing process and the 
Union Oil re tor t ing process, while crude shale o i l  from a TOSCO I1 process re tor t  
was used i n  t h i s  study. The TOSCO o i l  has a much greater  quantity of l i gh t  ends 
than the other two o i l s .  
be expected. The to ta l  volume of 
gaseous products from the TOSCO o i l  i s  consistently higher t h a n  the to t a l  volume 
from the IGT t e s t s  fo r  constant reaction severi ty .  Signif icant ly  greater  yields 
of ethylene were a l so  obtained a t  constant reaction severi ty .  

The comparison of the two studies i s  limited t o  a qua l i ta t ive  comparison only. 
The uncertainty i s  caused by d i f fe ren t  procedures for  calculating residence time. 
Reaction times for  IGT's t e s t s  were calculated on the basis of the f inal  product  
ra te ,  the "average indicated" reaction temperature, reactor pressure, and the reac- 
tor volume. However, the method of determining the "average indicated" reaction 
temperature was n o t  reported. 
on the basis of the reactor void volume, the volume of steam flowed a t  atmospheric 
pressure and reaction temperature, and the ideal gas volume of 300-molecular-weight 
o i l  a t  atmospheric pressure and reaction temperature. 
prof i les  were measured along the length of the reactor .  
tha t  the temperatures a t  the e x i t  and entrance of the reactor were considerably 
lower t h a n  the reaction temperature. 

The maximum total  l i g h t  olef in  yield was 3.8 standard cubic 

Carbon deposits 

Figure 7 compares the resu l t s  of a study o f  crude shale o i l  pyrolysis by the 
Total 

The IGT tes t s  

T h u s  a higher total  gas and ethylene production would 
Figure 7 shows the expected higher production. 

The residence times fo r  th i s  study were calculated 

Additionally, temperature 
The measurements showed 

CONCLUSIONS 

The resu l t s  o f  the study of steam pyrolysis character is t ics  of a TOSCO I 1  
shale o i l  were reasonably successful. Up t o  24 weight percent of the feed was con- 
verted t o  ethylene, and up  t o  6 weight percent was converted t o  propylene. The 
resu l t s  a r e  comparable with reported resu l t s  and predictions for  crude o i l ,  gas 
o i l ,  and shale o i l .  For example, Sherwin and Fuchs (30) have predicted yields  of 
23 weight percent ethylene and 5 weight percent propylene f o r  cracking unrefined 
shale o i l .  Additionally, S tork ,  e t  a l .  (13) report expected ethylene yields  
greater than 20 weight percent f o r  several proposed petrochemical refinery schemes. 

resulted in an increase o f  severi ty  of operation. The e f fec t  of increasing the 
temperature was extreme, while increasing the residence time o r  steam-oil ra t io  
had a much smaller e f fec t .  
factor  s a t i s f a c t o r i l y  correlated the experimental resu l t s .  
i t y  of operation resulted in increases in weight percent of feed converted t o  gas- 
eous and sol id  products, in to ta l  volume of gaseous products, and in .volumetric 
yields of methane and ethylene. 
then leveled off  and began to decrease with increasing severi ty .  

than crude Shale o i l  from the gas combustion r e to r t .  

Within the ranges studied, an increase in any one of the reaction variables 

A modified form of a commonly used pyrolysis severity 
Increasing the sever- 

The to ta l  l i gh t  olef in  yields  increased sharply, 

The yields  obtained from the TOSCO o i l  were greater i n  total  gas  and ethylene 
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INTRODUCTION 

In t h e  c u r r e n t  climate of dwindling domestic product ion  of petroleum, increased  
import ing of petroleum, p o t e n t i a l  o i l  embargoes, and e s c a l a t i n g  p r i c e s ,  t h e  
Department of Defense has  begun s i g n i f i c a n t  new f u e l s  programs. 
eva lua t ing  t h e  m i l i t a r y  p o t e n t i a l  of l i q u i d  t r a n s p o r t a t i o n  f l u i d s  d e r i v e d  from 
a l t e r n a t e  f o s s i l  f u e l s  - s h a l e  o i l ,  t a r  sands and c o a l .  Of major import  t o  t h e  U.S. 
Navy are f u e l s  used p r i m a r i l y  f o r  a i r c r a f t  p ropuls ion ,  JP-5, and s h i p  propuls ion ,  
Diesel Fuel  Marine. The d iscuss ion  i n  t h i s  paper  w i l l  be l i m i t e d  t o  t h e  former, j e t  
f u e l  f o r  naval  a i r c r a f t .  I t  should be noted however, t h a t  JP-5 i s  sometimes used a s  
a s u b s t i t u t e  s h i p  propuls ion  f u e l .  

CRITICAL PROPERTIES OF J E T  FUEL . 

These programs are 

JP-5 must meet many s t r i n g e n t  requirements  i f  s a t i s f a c t o r y  performance i n  a i r -  
c r a f t  and f u e l  handl ing and s t o r a g e  systems i s  t o  be a t t a i n e d  (1). I n  cons ider ing  
JP-5 der ived from a l t e r n a t e  f o s s i l  f u e l s ,  s e v e r a l  c r i t i c a l  p r o p e r t i e s  s t a n d  out .  
With one o r  two except ions ,  t h e s e  key p r o p e r t i e s  a r e  a f f e c t e d  more by t h e  chemical 
c h a r a c t e r i s t i c s  of t h e  f u e l  than  by t h e  p h y s i c a l  p r o p e r t i e s .  The important  spec i -  
f i c a t i o n  requirements  may b e  pr imar i ly  c o n t r o l l e d  by elemental  composi t ion,  t h e  
amounts of each of t h e  hydrocarbon c l a s s e s  - p a r a f f i n ,  naphthene, a romat ic ,  o l e f i n  - 
o r  by s p e c i f i c  chemical compounds. 
below. 

The c r i t i ca l  p r o p e r t i e s  a r e  d iscussed  b r i e f l y  

A. Heat of Combustion - This  proper ty  d i r e c t l y  c o n t r o l s  t h e  range of a j e t  
a i r c r a f t  and i t  i s  d e s i r a b l e  t o  maximize t h e  va lue .  Hydrocarbon f u e l s  which a r e  
l i q u i d  a t  ambient temperatures  have n e t  h e a t i n g  v a l u e s  between 16,000 and 20,000 
BTU/lb and t h e  minimum s p e c i f i c a t i o n  l i m i t  f o r  JP-5 i s  18,300 BTU/lb (1). M a r t e l l  
and Angello have shown t h a t  t h e  hea t  of  combustion f o r  j e t  f u e l s  i n c r e a s e l i n e a r l y  
wi th  hydrogen content  ( 2 ) .  The amounts of n i t r o g e n  and oxygen i n  j e t  f u e l  a r e  neg- 
l i g i b l e  with r e s p e c t  t o  hea t  of combustion and t h e  v a r i a t i o n  of  s u l f u r  i n  t h e  
al lowable range of 0.0 t o  0.4% would exert a maximum e f f e c t  of 40 BTU/lb. 

B. Freezing Poin t  - Jet a i r c r a f t  a r e  exposed t o  low temperatures  and t h e  f u e l s  
must no t  i n t e r f e r e  wi th  f l y i n g  opera t ions  by f r e e z i n g  and plugging f i l t e r s .  Com- 
merc ia l  j e t  f u e l  ( J e t  A) has  a s p e c i f i c a t i o n  requirement  of -400Fmaximum but  t h a t  f o r  
m i l i t a r y  f u e l s  is lower. 
world wide a s  w e l l  as a t  h igher  a l t i t u d e s  than  commercial jets. U.S. A i r  Force 
bombers r e q u i r e  an even lower f r e e z i n g  p o i n t ,  -7pFmaximum, s i n c e  long f l i g h t s  a t  
high a l t i t u d e s  permit  t h e  f u e l  to reach lower temperatures .  I t  has  not  been p r a c t i -  
c a l  t o  make JP-5 from some petroleum crudes  because t h e  f r e e z i n g  p o i n t  cannot be m e t  
a long with t h e  requi red  f l a s h  poin t .  Dimitroff  e t  a1 (3) examined t h e  i n f l u e n c e  of 
composition on f r e e z i n g  poin t  of s e v e r a l  types  of f u e l s .  They found t h e  s a t u r a t e  
f r a c t i o n  of a f u e l  u s u a l l y  exer ted  t h e  g r e a t e s t  e f f e c t  on f r e e z i n g  p o i n t  bu t  t h e  
aromatic  f r a c t i o n  seemed t o  be important  i n  some cases. 

JP-5 must f r e e z e  below -51'F because t h e  Navy je t s  o p e r a t e  
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c. Flash  P o i n t  - The Navy r e q u i r e s  a h igh  f l a s h  p o i n t  f o r  a l l  f u e l s  c a r r i e d  
onboard s h i p s  except  f o r  a s m a l l  amount of a v i a t i o n  g a s o l i n e  which i s  c a r r i e d  on 
some a i r c r a f t  carriers. The Avgas i s  s t o r e d  i n  a n  armored box i n  t h e  c e n t e r  of the 
c a r r i e r  and a i r / f u e l  vapors  a r e  minimized i n  t h e  s t o r a g e  tanks  by using a water dis- 
placement system. JP-5, which is s t o r e d  i n  t h e  wing tanks  ( f l u s h  wi th  t h e  h u l l ) ,  
h a s  a minimum f l a s h  p o i n t  of 140°F i n  order  t o  reduce t h e  hazard from t h i s  and other  
exposure s i t u a t i o n s .  
t h e  q u a n t i t y  and v o l a t i l i t y  of t h e  f r o n t  ends (4) .  
mabi l i ty  p r o p e r t i e s  of  some a l t e r n a t e  j e t  f u e l s  i s  considered i n  another  paper a t  
t h i s  Symposium ( 5 ) .  

The f l a s h  p o i n t  of a mixture  such  as a f u e l  i s  cont ro l led  by 
The f l a s h  p o i n t  and o t h e r  flam- 

D. Combustion P r o p e r t i e s  - J e t  engines  g i v e  high combustion e f f i c i e n c i e s  (98- 
100%) f o r  conversion o f  f u e l  t o  C02 and H20. 
be  d e f i c i e n t  under such  condi t ions ,  however. Flame r a d i a t i o n  t o  t h e  combustor wal ls  
can raise t h e  temperature  of t h e  w a l l s  above d e s i r e d  l e v e l s  ( 6 , 7 ) .  Soot depos i t ion  
can a l s o  a f f e c t  combustor w a l l  temperatures .  Smoke i n  t h e  exhaust  must be control led 
both f o r  m i l i t a r y  and environmental  reasons .  

Other combustion c h a r a c t e r i s t i c s  can 

The flame r a d i a t i o n ,  s o o t  d e p o s i t i o n ,  and smoke product ion may b e  c l o s e l y  re- 
l a t e d  chemically. 
a simple wick burning test ,  the smoke p o i n t ,  or a s l i g h t l y  more complicated burner 
tes t ,  the  luminometer number. The minimum smoke p o i n t  f o r  JP-5 i s  19 mm and t h e  
minimum luminometer number is 50. 

These t h r e e  p r o p e r t i e s  of a j e t  f u e l  a r e  c o n t r o l l e d  by passing 

A secondary c o n t r o l  on combustion p r o p e r t i e s  is obtained by l i m i t i n g  t h e  aro- 
matic content  t o  25% (1). Condensed polynuclear  a romat ics  a r e  s i g n i f i c a n t l y  more 
de t r imenta l  t o  smoke p o i n t  than  monocyclics (8). 

E .  Thermal Oxidat ion S t a b i l i t y  - Jet  f u e l  c o o l s  s e v e r a l  systems i n  a je t  air- 
c r a f t .  
f o r  a i r c r a f t  f l y i n g  f a s t e r  than  Mach 2.2, t h e  s t r u c t u r e  must a l s o  be cooled. The 
a b i l i t y  of a f u e l  t o  wi ths tand  t h i s  thermal  stress is t h e  most cri t ical  f u e l  prop- 
e r t y  f o r  h igh  speed a i r c r a f t  ( 9 ) .  

In a subsonic  p l a n e ,  t h e  major h e a t  load  comes from t h e  engine l u b r i c a n t  but 

Degradation of t h e  f u e l  is  s t i m u l a t e d  by t h e  d isso lved  oxygen p r e s e n t  i n  
equi l ibr ium wi th  a i r  (50-70 mg/l) .  Poor f u e l s  form s o l i d s  which c o a t  h e a t  exchanger 
sur faces  and/or plug combustor nozz les .  
es t imates  t h e s e  two p r o p e r t i e s  by examining v a r n i s h  formation on a heated metal tube 
and measuring t h e  p r e s s u r e  drop through a f i 1 t e r . A  s a t i s f a c t o r y  f u e l  passes  a '2 1 / 2  
hr  t e s t  a t  500OF. 

The Jet Fuel  Thermal Oxidat ion Tester 

L i t t l e  research  h a s  been repor ted  on t h e  e f f e c t  of  chemical s t r u c t u r e  on ther-  
mal ox ida t ion  s t a b i l i t y  a t  500°F but  Taylor  has  r e p o r t e d  on  tests i n  t h e  200-400'F 
temperature range.  H e  found t h a t  o l e f i n s ,  p a r t i c u l a r l y  m u l t i f u n c t i o n a l  ones,  in- 
creased d e p o s i t  format ion  (10). A t  275'F, 10 w t  % indene i n  decane increase ldepos i t  
formation 39-fold but  some o t h e r  a romat ics  decreased t h e  d e p o s i t  rate. Some su l f ides  
and d i s u l f i d e s  enhance d e p o s i t  formation a t  c o n c e n t r a t i o n s  a s  low a s  1000 ppm sul- 
f u r  (11) and n i t r o g e n  compounds a l s o  p a r t i c i p a t e  i n  d e p o s i t  formation (12). 

F. Gum Formation - The low temperature  s t a b i l i t y  of JP-5 i s  es t imated  by t h e  
Exis ten t  Gum T e s t .  
Schwartz e t  al .  have found f o r  g a s o l i n e  t h a t  s u l f u r  compounds a r e  t h e  most s i g n i f i -  
c a n t  p a r t i c i p a n t s  i n  gum formation b u t  t h a t  n i t r o g e n  compounds, indanes,  t e t r a l i n s  
and o l e f i n s  are a l s o  involved (13) .  

PROPERTIES OF ALTERNATE JET FUELS 

A maximum of 7 .0  mg/100 m l  gum is  allowed i n  t h i s  test. 

Jet f u e l s  made from o i l  s h a l e ,  tar sands and c o a l  were examined i n  t h i s  study. 
b r i e f  o u t l i n e  of t h e  processes  involved i n  product ion  of t h e  f u e l s  are l i s t e d  i n  A 
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Table I. 
another  paper i n  t h i s  symposium (14) and i n  t h e  r e f e r e n c e s  c i t e d  i n  Table  I. 

Fur ther  in format ion  on processing and f u e l  p r o p e r t i e s  can be  found i n  

Table  I1 lists t h e  p r o p e r t i e s  of t h e  f u e l s  p e r t i n e n t  t o  t h i s  paper .  The 
Laramie Energy Research Center i n - s i t u  s h a l e  f u e l s  were not  produced t o  meet t h e  
JP-5 specs  but  had a b o i l i n g  range (350-550OF) s i m i l a r  t o  JP-5. S ince  only l i m i t e d  
amounts Of the  LERC samples were a v a i l a b l e ,  complete s p e c i f i c a t i o n  tests were n o t  
run.  The d iscuss ion  which fo l lows  compares, where p o s s i b l e ,  t h e  a l t e r n a t e  f u e l  pro- 
p e r t i e s  wi th  petroleum j e t  f u e l  p r o p e r t i e s  taken from t h e  l i t e r a t u r e .  The e f f e c t  of 
composition on p r o p e r t i e s  is a l s o  descr ibed .  

A .  Heat of Combustion - The h e a t  of combustion of a l t e r n a t e  f u e l s  i s  p l o t t e d  i n  
Figure 1 versus percent  hydrogen. The graph shows d a t a  f o r  t h e  f i v e  COED, t h e  tar 
sand, and the  Paraho s h a l e  o i l  f u e l s .  The l i n e  on t h i s  graph i s  curve D i n  F igure  
3 Of re ference  (2) and i s  based on 41 j e t  f u e l s  der ived from petroleum. The alter- 
n a t e  f u e l  d a t a  f i t  t h e  curve very  w e l l .  The t h r e e  COED f u e l s  wi th  h i g h  aromatic  
conten ts  f a l l  t o  t h e  l e f t .  COED-1 and COED-5 f a l l  s l i g h t l y  below t h e  JP-5 requi re -  
ment of 18,300 BTU/lb. Decreasing t h e  aromatic  conten t  from about  25% t o  5% (COED-1 
t o  COED-3 o r  COED-2 t o  COED-4) i n c r e a s e s  t h e  h e a t  of  combustion about  90 BTU/lb. The 
t a r  sands and Paraho s h a l e  f u e l s  have h igher  h e a t i n g  v a l u e s  than t h e  COED samples with 
s i m i l a r  aromatic  c o n t e n t s .  We f e e l  t h i s  i s  due t o  a h i g h  naphthene conten t  i n  t h e  
coa l  f u e l s ,  an expected consequence of  hydrogenat ion of t h e  h i g h l y  a romat ic  syncrude 
obtained by c o a l  p y r o l y s i s  (21) .  

B. Freezing P o i n t j F l a s h  P o i n t  - Most of t h e  a l t e r n a t e  f u e l  samples m e t  t h e  
The f l a s h  poin t  can b e  changed u s u a l l y  by t h e  f l a s h  p o i n t  requirement  f o r  JP-5. 

adjustment of t h e  i n i t i a l  b o i l i n g  poin t .  The f r e e z i n g  poin t  of s e v e r a l  of t h e  
a l t e r n a t e  j e t  f u e l s  was too h igh ,  however. 
s h i p s  f o r  t h e  f i v e  COED (C-1 t o  C-5), tar sands (TS), and Paraho s h a l e  o i l  (OS) a r e  
depic ted  i n  Figure 2. No c o n s i s t e n t  p a t t e r n  i s  evident  f o r  t h e s e  f u e l s .  

The f r e e z i n g  p o i n t / f l a s h  poin t  r e l a t i o n -  

For comparison, t h e  p r o p e r t i e s  of 29 petroleum der ived  j e t  f u e l s  a r e  a l s o  shown 
on the  graph. These l a t t e r  f u e l s ,  which were p a r t  of t h e  Coordinat ing Research 
Council (CRC)-Air Force (AF) f u e l  bank (22) ,  d i d  not  m e e t  a l l  s p e c i f i c a t i o n s  i n  some 
cases .  Examination of t h e  CRC f u e l s  i s  u s e f u l ,  however, t o  see t h e  wide range i n  
f reez ing  poin ts  encountered f o r  f u e l s  with s i m i l a r  f l a s h  p o i n t s .  I n  F igure  2 ,  t h e  
d isp lay  i s  s i m p l i f i e d  by grouping t h e  f u e l s  by 10°F i n t e r v a l s  f o r  f l a s h  p o i n t .  A s  
an example, f o u r  petroleum der ived  f u e l s  had f l a s h  p o i n t s  between 161 and 17O0F. 
f r e e z i n g  p o i n t s  f o r  t h e s e  same f u e l s  were -26, -32, -62 and <-76OF. One a l t e r n a t e  
f u e l  sample, COED-3 had a f l a s h  poin t  i n  t h i s  range and i t  had a f r e e z i n g  poin t  of  
-58'F. 

The 

It i s  noteworthy t h a t  COED-2 and COED-4, bo th  produced from Utah c o a l ,  had 
higher  f r e e z i n g  p o i n t s  than  t h e  COED f u e l s  made from Western Kentucky c o a l .  This  
was the  case even though COED'S 1 through 4 had s i m i l a r  d i s t i l l a t i o n  ranges.  The 
Paraho s h a l e  o i l  sample was f a r  above t h e  JP-5 f u e l  f r e e z i n g  p o i n t  spec  of -51'F. 
The LERC i n - s i t u  s h a l e  samples a l s o  had very  high f r e e z i n g  p o i n t s ,  -16OF f o r  t h e  
m u l t i s t e p  product and - 15'F f o r  t h e  s i n g l e  s t e p  m a t e r i a l .  F lash  p o i n t s  were n o t  
a v a i l a b l e  f o r  t h e s e  two s h a l e  f u e l s .  

c. Combustion P r o p e r t i e s  - The smoke p o i n t s  of  s e v e r a l  a l t e r n a t e  j e t  f u e l s  a r e  
displayed i n  F igure  3 a s  a f u n c t i o n  of a romat ics  c o n t e n t .  
p resents  t h e  smoke poin t  VS. % aromatic  r e l a t i o n s h i p  f o r  29 CRC-AF petroleum-derived 
f u e l s  (22). The g e n e r a l  c o n t r o l  of smoke p o i n t  by aromatic  conten t  i s  apparent  bo th  
f o r  the  petroleum-derived and t h e  a l t e r n a t e  f u e l s .  
conten ts  e x h i b i t  low smoke p o i n t s ,  however, and do not  f i t  t h e  primary r e l a t i o n s h i p .  
The four  petroleum f u e l s  which show t h i s  behavior  possess  high naphthene c o n t e n t ,  
80% o r  higher .  
(3000 ps ig  to  a f f o r d  a low aromat ic  conten t )  of a h i g h l y  aromatic  syncrude (21 ) ,  

I n  a d d i t i o n ,  t h i s  graph 

Some f u e l s  wi th  low aromatic  

COED-3 and COED-&, which have been der ived by s e v e r e  hydrogenat ion 
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should a l s o  c o n t a i n  h igh  concent ra t ions  of naphthenes.  Hence, t h e  anomalous 
smoke poin t  behavior  shown, both by a l t e r n a t e  and petroleum-derived jet  f u e l s ,  can 
be  explained on t h e  b a s i s  t h a t  naphthenes i n f l u e n c e  t h i s  proper ty  i f  t h e  aromatic 
content  is low. 

Smith (23) has  suggested a formula f o r  c a l c u l a t i n g  t h e  smoke p o i n t  of  kerosenes 
based on p a r a f f i n ,  naphthene and aromat ic  conten t  b u t  it is not  u s e f u l  f o r  t h e  f u e l s  
discussed i n  t h i s  paper .  
adequate  f o r  combustion c o n s i d e r a t i o n s .  
benzene o r  naphthalene would g ive  about  t h e  s a m e  a romat ic  concent ra t ion  by t h e  speci- 
f i c a t i o n  test b u t  t h e  l a t t e r  compound would have a much g r e a t e r  e f f e c t  on t h e  smoke 
p o i n t .  

The broad d e f i n i t i o n  of aromatic  and naphthene is not 
For i n s t a n c e ,  one mole / l  of e i t h e r  butyl  

D. S t a b i l i t y  - The thermal  o x i d a t i o n  s t a b i l i t y  and gum forming tendencies  of 
t h e  a l t e r n a t e  f u e l s  are l i s t e d  i n  Table  11. COED-1 and COED-5 f a i l  t h e  500°F ther- 
m a l  s t a b i l i t y  test b y  s l i g h t  amounts bu t  t h e  Paraho s h a l e  o i l  m a t e r i a l  f a i l s  by 50°F. 
Fur ther ,  t h i s  s h a l e  o i l  is t h e  only f u e l  t o  f a i l  t h e  e x i s t e n t  gum requirement  of 
7 mg/100 m l .  
w e l l  below t h e  0.4% s p e c i f i c a t i o n  l i m i t .  Although j e t  f u e l  has  no l i m i t  on n i t rogen ,  
t h e  s h a l e  f u e l  is much h igher  i n  n i t r o g e n  than  t h e  o t h e r  a l t e r n a t e  and petroleum j e t  'a 
f u e l s .  

The s u l f u r  conten t  of a l l  of t h e  a l t e r n a t e  f u e l s  i s  about  t h e  same and 

'I 
'E 

Clay f i l t r a t i v n  of Che s h a l e  j e t  f u e l  r a i s e d  t h e  breakpoinr: f o r  chermai oxi- 
d a t i o n  s t a b i l i t y  t o  475OF b u t  t h e  e x i s t e n t  gum remained high,  64 mg/100 m l ,  as 
d i d  the n i t rogen .  Acid t rea tment  (e2  I b  98% H SO / b b l )  reduced t h e  b a s i c  ni t rogen 
t o  zero, enabled t h e  thermal  s t a b i l i t y  requirement  t o  be m e t  b u t  d i d  n o t  g r e a t l y  im- 
prove t h e  gum formation.  D i s t i l l a t i o n  t o  a 90% recovery gave a product  which passed 
both  thermal s t a b i l i t y  and gum (1.2 mg/lOO m l )  tests. Basic  n i t r o g e n  remained high, 
however. These r e s u l t s  do n o t  d e l i n e a t e  t h e  r o l e  of n i t r o g e n  i n  f u e l  s t a b i l i t y  and 
a d d i t i o n a l  work w i l l  be needed t o  c l a r i f y  t h e  s t a b i l i t y  behavior  of s h a l e  f u e l s .  

2 4  

It is noteworthy t h a t  s e v e r e  hydrogenat ion t o  reduce  t h e  aromatic  conten t  of 
c o a l  l i q u i d s  (COED-1 t o  3 and COED-2 t o  4 )  s i g n i f i c a n t l y  improved t h e  thermal  oxi- 
d a t i o n  s t a b i l i t y  ( t o  >700°F). 

E. n-Alkane Content - Since  ?-alkanes are l i k e l y  t o  be r e l a t e d  t o  t h e  high 
f r e e z i n g  p o i n t s  of some of t h e  a l t e r n a t e  f u e l s ,  the concent ra t ion  of t h e s e  compounds 
w a s  determined. 

The s a t u r a t e  f r a c t i o n s  w e r e  separa ted  from t h e  a romat ics  by pentane e l a t i o n  from 
a c t i v a t e d  s i l i c a  g e l  (Davison Grade 923) .  Each s a t u r a t e  f r a c t i o n  was then  analyzed 
by gas chromatography (GC) on a 300 f t .  Apiezon L c a p i l l a r y  column a t  14OOC. A 
sample of  0 .1  m i c r o l i t e r  w a s  s p l i t  1OO:l ahead of t h e  column and t h e  helium f lowrate  
through t h e  column w a s  1.0 cc/min. This  column, when operated under t h e  described 
condi t ions ,  had a n  e f f i c i e n c y  of 184,000 t h e o r e t i c a l  p l a t e s  f o r  E-tetradecane.  
known amount (5.0 w t  %) of E-octane was added as an i n t e r n a l  s tandard  and t h e  weight 
% of each E-alkane w a s  c a l c u l a t e d  by comparing e l e c t r o n i c  i n t e g r a t o r  counts  t o  the 
octane count .  
5982 GC-MS system u s i n g  a 100 f t .  OV-101 support  coated open t u b u l a r  column - temp- 
e r a t u r e  programmed from 100 t o  16OOC and w i t h  a helium f l o w r a t e  of 3 cc/min. Corro- 
bora t ing  i d e n t i f i c a t i o n  came from matching GC r e t e n t i o n  times f o r  f u e l  components 
on t h e  Apiezon L column wi th  s t a n d a r d s  on t h e  same column. 

A 

I d e n t i f i c a t i o n  of t h e  ?-alkane peaks w a s  made on a Hewlett-Packard 

'I 
The ?-alkanes were t h e  major peaks i n  most of t h e  s a t u r a t e  f r a c t i o n s .  The 

- n-alkanes from nonane t o  hexadecane were found i n  most of t h e  a l t e r n a t e  f u e l s .  In 
a d d i t i o n ,  smal l  amounts of E-heptadecane were found i n  t h e  s h a l e  f u e l s .  
- n-alkane c o n c e n t r a t i o n s  a r e  l i s t e d  i n  Table 111. 
f u e l s  decreases  i n  t h e  o r d e r :  Paraho s h a l e ,  LERC s h a l e s ,  petroleum, t a r  sands,  
Utah COED'S, W .  Ky. COED's .  

,a 
The 

The sum of t h e  n-alkanes i n  the 

This  o r d e r  ho lds  f o r  i n d i v i d u a l  E-alkanes i n  t h e  middle 
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of t h e  d i s t i l l a t i o n  range - C 12, C13.and C 
compounds because of d i f f e r e n c e s  i n  I n i t i a l  b o i l i n g  poin t  o r  end p o i n t .  

- but  v a r i e s  f o r  smal le r  o r  l a r g e r  

The t o t a l  2-alkane concent ra t ion  does n o t  a f f o r d  a s i g n i f i c a n t  r e l a t i o n s h i p  
wi th  f r e e z i n g  p o i n t .  
amount of the  l a r g e r  hydrocarbons p r e s e n t  i n  f u e l  samples. 
- n-hexadecane i n  F igure  4 .  The l o g  ( X  C16) v s .  t h e  r e c i p r o c a l  f r e e z e  p o i n t  of  t h e  
11 f u e l s  l i s t e d  i n  Table  11 i n d i c a t e s  a reasonable  adherence t o  a s o l u b i l i t y  p l o t .  
This  i s  remarkable i n  view of t h e  d i f f e r e n t  d i s t i l l a t i o n  ranges ,  t h e  v a r i a t i o n  i n  
aromatic/naphthene c o n t e n t s ,  and t h e  n e g l e c t  of o t h e r  %-alkanes i n  t h i s  cons idera t ion .  

The percent  

However, t h e  f r e e z i n g  poin t  does show some dependence on t h e  
This  i s  i l l u s t r a t e d  f o r  

The Paraho j e t  f u e l  was t r e a t e d  w i t h  urea  t o  remove :-alkanes (24) .  
of t h e  2-alkanes removed by t h i s  process  and t h e  amount remaining i n  t h e  f u e l  a r e  
shown i n  Table I V .  
moved. 
was 98% 2-alkanes wi th  t h e  remainder be ing  i d e n t i f i e d  by GC-MS a s  most ly  2-methyl 
a lkanes  and 1-alkenes.  The s t r i p p e d  sample wi th  a n  2-C16 conten t  of 0.17%, had a 
f r e e z i n g  poin t  of -54'F which p laces  i t  c l o s e  t o  t h e  curve in Figure  4. 

DISCUSSION 

Overa l l ,  47% of t h e  2-alkanes (17% of t h e  t o t a l  f u e l )  were re- 
The removed material The percent  removed increased  wi th  molecular  weight. 

S u i t a b l e  j e t  f u e l s  can be made from any of t h e  a l t e r n a t e  energy s o u r c e s  - o i l  
s h a l e ,  t a r  sands o r  c o a l .  However, r e f i n i n g  processes  may have t o  b e  modif ied from 
those  used wi th  petroleum crude andjprocessing condi t ions  may have t o  be  more s e v e r e ,  
p a r t i c u l a r l y  f o r  o i l  s h a l e  and c o a l  l i q u i d s .  
and c o a l  a r e  c l o s e r  i n  p r o p e r t i e s  t o  t h e  lower API g r a v i t y  petroleum crudes ,  hydro- 
cracking and delayed coking w i l l  be used ex tens ive ly  i n  producing m i l i t a r y  f u e l s  from 
these  a l t e r n a t e  sources .  

S ince  crudes from o i l  s h a l e ,  t a r  sands  

The j e t  f u e l  p r o p e r t i e s  which a r e  of g r e a t e s t  concern wi th  t h e  new f u e l s  are 
t h e  f r e e z i n g  p o i n t ,  combustion p r o p e r t i e s ,  and s t a b i l i t y ,  bo th  thermal  o x i d a t i v e  
and s torage .  Addi t iona l  understanding i s  r e q u i r e d  on t h e  e f f e c t  of composi t ion on 
t h e s e  p r o p e r t i e s .  Development of such informat ion  w i l l  a i d  i n  s e l e c t i n g  o r  modi- 
fy ing  r e f i n i n g  processes  t o  produce s u i t a b l e  f u e l s  a t  reasonable  c o s t s .  
t o  remove n i t rogen  from s h a l e  o i l  and t o  convert  $-alkanes t o  lower f r e e z i n g  com- 
pounds are needed. 
conversion of c o a l  l i q u i d s  t o  j e t  f u e l s  wi th  s a t i s f a c t o r y  h e a t s  of combustion. 

Techniques 

Cheaper hydrogenation processes  must be developed f o r  economical 

The high concent ra t ions  of g-alkanes found i n  t h e  s h a l e  o i l  samples a f f o r d s  
This  in format ion  i n d i c a t e s  c l u e s  on t h e  n a t u r e  of t h e  o r g a n i c  m a t e r i a l  i n  s h a l e .  

t h a t  o i l  s h a l e  c o n t a i n s  many long,  s t r a i g h t  cha in  components. 
s t r e s s e d ,  a s  i n  r e t o r t i n g  o r  coking, such c o n s t i t u e n t s  would y i e l d  smaller fragments 
which would a l s o  have s t r a i g h t  cha ins  (25) .  The major products  would be  ?-alkanes 
and 1-alkenes.  S ince  t h e  lat ter hydrogenate t o  t h e  former, n-alkane c o n c e n t r a t i o n  
could be cons iderable .  
t h i s  work were high i n  ?-alkanes. 
r e f i n i n g  and hydrogenation processes .  

When thermal ly  

It is  i n t e r e s t i n g  t h a t  t h e  t h r e e  s h a i e  j e t  f u e l s  s tud ied  i n  
This  i s  i n  s p i t e  of d i f f e r e n c e s  i n  product ion ,  

Work w i l l  cont inue  i n  r e l a t i n g  composition t o  p r o p e r t i e s  of t h e  a l t e r n a t e  jet  
f u e l s .  This  w i l l  i n c l u d e  a t t e n t i o n  t o  non-spec i f ica t ion  p r o p e r t i e s  and those  pro- 
p e r t i e s  which may be i n h e r e n t l y  d i f f e r e n t  due t o  t h e  o r i g i n  of t h e  base  s tock .  
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CHARACTERIZATION OF AROMATIC FRACTIONS FROM 
NON- PETROLEUM DERIVED JP- 5 TYPE F'UELS 

Jef f rey  Solash and Renee F. Taylor 

Naval A i r  Propulsion Test Center, Trenton, N J  08628 

Introduction 

The Department of Defense has i n i t i a t e d  programs aimed a t  evaluating l i qu id  
coa l ,  o i l  

O f  major importance t o  the  Navy a re  a i r c r a f t  fue l s  (JP-5) 
hydrocarbon fue l s  which a re  derived from a l t e rna te  ( f o s s i l )  sources: 
shale and tar sands. 
and ship d iese l  fue l s  (DFM). 
by means of s t r ingent  spec i f ica t ions  t e s t s .  However, complete knowledge of f u e l  
chemical composition defines t h e  proper t ies  of t h e  fue l .  
a re  of c r i t i c a l  importance t o  t h e  N a v y  can be a l t e r ed  by simple physical methods 
(i.e.,  f l ash  point (1)). However, other f u e l  
composition and therefore ,a re  not subject t o  f a c i l e  a l te ra t ion .  

The proper t ies  of these  kerosene fue l s  a r e  controlled 

Certain proper t ies  which 

proper t ies  depend strongly on f u e l  

In  order t o  gain a c l ea re r  understanding of t he  e f f ec t s  of chemical composition 

J e t  fue l s  derived from 

Reported below a re  the  r e su l t s  of analysis of t he  aromatic 

on fue l  properties,  a de ta i led  analysis w a s  undertaken. 
w i l l  be l imited t o  j e t  fue l s  used i n  Naval a i r c r a f t  (JP-5). 
Coal, o i l  shale and t a r  sands were analyzed. The normal alkane ana lys i s  has been 
reported elsewhere (1). 
components of these  fue ls .  

The discussion i n  t h i s  paper 

Production of Fuels 

Coal Derived Fuels 

The coa l  derived fue l s  used i n  t h i s  work were obtained by l iquefac t ion  of a 
Western Kentucky and a Utah coa l  v i a  t he  COED process (2).  
pyrolyzed i n  an ebullated bed r e t o r t  at  temperatures ranging from 600 t o  1600 '~ .  The 
condensed o i l  i s  hydrotreated over Ni-Mo ca ta lys t  (-2500 psig H2,  7-800°F) t o  
produce a low sulfur crude o i l .  The crude o i l  was then refined by hydrotreatment (3)  
and d i s t i l l e d  t o  give t h e  JP-5 grade fuels,Sun 1 (Western Kentucky coa l ) ,  Sun 2 (Utah 
coa l )  and Sun 5 (Western Kentucky coa l ) .  A schematic of the major process s teps  used 
i n  the  production of these fue ls  i s  shown i n  Figure 1. 

In  t h i s  process, coa l  is 

Alternative methods of re f in ing  coa l  derived crude o i l s  were examined. One 
such method involved se lec t ive  removal of heavy aromatics and polar  organics (con- 
ta in ing  N, s, 0) by solvent extraction. 
s t r a igh t  run middle d i s t i l l a t e  from Utah coa l  derived crude o i l  (bp 350-550"F) was 
consecutively t r ea t ed  with su l fur ic  ac id  and fu r fu ra l .  
"Sol. Extr.") w a s  used d i r ec t ly  without fur ther  processing. 

In  a method developed by the  Navy ( 4 ) ,  a 

The r e su l t an t  f u e l  (designated 

O i l  Shale Derived Fuel 

Green River o i l  shale was mined and surface re tor ted  by t h e  Paraho Development 
Corporation. A sample of JP-5 grade kerosene derived from t h i s  o i l  shale was supplied 
t o  the  Navy by Applied Systems Corporation, under a contract  l e t  by the  Office of 
Naval Research. In the  Paraho process, crushed and sized o i l  shale i s  fed  by gravity 
i n t o  a ve r t i ca l  r e t o r t  which i s  maintained a t  1000°F. Shale o i l  which was driven from 
the  rock was coked and then fractionated. 
t rea ted  and desulfurized i n  two stages.  
schematically i n  Figure 2. 
reported in grea te r  d e t a i l  elsewhere (5 ) .  

The middle d i s t i l l a t e  f rac t ion  was hydro- 
The major process s teps  employed are  shown 

The re f in ing  of t h i s  hatch of shale o i l  has been 
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Tar Sands Derived Fuel 

Bitumen obtained from t h e  Athabasca (Canadian) deposits was mined and re- 
Mined t a r  sands a re  t rea ted  with 

The s t r a igh t  run middle 

fined by Great Canadian O i l  Sands, Ltd. (GCOS). 
basic hot  water and t h e  bitumen was i so l a t ed  by f ro th  f lo t a t ion .  The crude bitumen 
was coked (goo-lOOO"F) and the  d i s t i l l a t e s  fractionated. 
d i s t i l l a t e  from coking was hydrotreated (-1500 psig H2;  700-750°F). 
treated middle d i s t i l l a t e ,  known as Unifined Kerosene (herein designated "Tar 
Sands") i s  usually used f o r  blending stock. 
shown schematically i n  Figure 3. 
have been reported elsewhere (6).  

The hydro- 

The major process steps employed are 
Details of t he  processing of Canadian tar sands 

Petroleum Derived Fuels 
, 

The petroleum derived fue ls  used i n  t h i s  work were typ ica l  JP-5 grade fuels 
which passed a l l  Navy spec i f ica t ions  f o r  JP-5 grade fue ls  and were typ ica l  of the 
fue ls  used at  t h e  Naval A i r  Propulsion Test Center. The h is tory  and de ta i l s  of 
refining of these fiels were not  available.  

Fuel Properties 

The physical p roper t ies  of a l l  fue ls  used i n  t h i s  study were determined 
according t o  Navy spec i f ica t ion  MIL-T-562kT, using ASTM standard methods. 
combustion, freeze poin ts ,  f l a sh  points,  smoke points,  v i scos i t i e s ,  as  w e l l  as - 
alkane composition f o r  these  fue l s  a r e  reported i n  reference (1). 
tabulations of phys ica l  p roper t ies  f o r  a l l  fue l s  used i n  t h i s  study have been 
reported (3, 4, 7, 8).  

Results and Discussion 

Heats of 

Complete 

PMR Analysis 

The aromatic f r ac t ion  of each f u e l  was i so la ted  by column chromatography 
The aromatic f rac t ions ,  which were cleanly separated over activated s i l i c a  gel.  

pressure on a ro t a ry  evaporator. 
from the  f u e l  s a tu ra t e s ,  were combined and the  solvent removed under reduced 

1:3 (vo1:vol) with spectrograde C C Q  and the  60 MHz PMR spectrum recorded. 
spectrum of a t y p i c a l  JP-5 grade f u e l  aromatic f rac t ion  i s  shown in Figure 4. 

The aromatic concentrate was d i lu ted  approximately , The PMR 
The 

areas under the  peaks which-correspond t o  s t ruc tu ra l ly  d i s t i n c t  protons were deter- 
mined and the  da ta  analyzed according t o  the  method of C lu t t e r  and co-workers (9) .  
The r e su l t s  of t h i s  ana lys i s  describe t h e  f u e l  aromatic f r ac t ion  in  terms of the  
"average molecule." 
defined below: 

The calculated parameters which a re  presented i n  Table I are 

Average Molecular Parameter 

Symbol Def in i t ion  

CA Average number aromatic carbons per average molecule 

Average number naphthene ( t e t r a l i n )  r ings per average molecule # naphthene 

Mw Average molecular weight 

# a lky l  gps 

n Average number carbons per a lky l  subs t i tuent  

% mono 

Average number a lky l  subs t i tuents  per average molecule 

Average percent monocyclic aromatics i n  sample 
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I n  a separate s e t  of experiments, some coa l  derived fue l s  were subjected t o  
mild but prolonged hea t ing  (1lO'F; 6 months) t o  ascer ta in  storage s t a b i l i t y .  The 
aromatic f rac t ions  of t h e  Sun 1 and Sun 2 fue ls ,  so t r ea t ed ,  were i so la ted  and sub- 
jected t o  FMR analys is  i n  an e f f o r t  t o  observe changes i n  composition upon storage. 
The r e su l t s  of analys is  of the  aromatic f rac t ions  of these fuels ("aged Sun 1," 
"aged Sun 2") a r e  a l so  reported i n  Table I. 

Before a de ta i l ed  ana lys i s  of t he  r e su l t s  i n  Table I i s  made, a discussion 
o f  sources of e r ro r  i n  t h e  da ta  i s  necessary. There a r e  a number of po ten t i a l  sources 
of error:  incomplete reso lu t ion  of the  aromatic f rac t ions  from other fue l  components; 
l o s s  of low bo i l e r s  during concentration of t he  column chromatography f rac t ions ;  in- 
correct estimation o f  t h e  average parameters caused by using a narrow cut aromatic 
fraction. Column chromatography over ac t iva ted  s i l i c a  g e l  i s  a wel l  known technique 
which has been widely used f o r  separation of f u e l  components (10). However, it has 
recently been ca l led  t o  our a t t en t ion  t h a t  2- paraf f ins ,  pa r t i cu la r ly  in  higher 
boiling f r ac t ions ,  can t a i l  i n to  the  aromatics f r ac t ions  during chromatography over 
s i l i c a  ge l  (11). The da ta  i n  Table I indicates t h a t  such processes a re  not detect- 
able by PMR i f  they are occurring a t  a l l .  For instance,  t he  Paraho fue l ,  which i s  
almost 4% n- pa ra f f in s  (l), shows a low value f o r  n (average number of carbons per 
substituent7. 
f rac t ions  during the  chromatographic separation, t h i s  parameter would be much higher. 
It would not be requi red  t o  have a la rge  concentration o f? -  hexadecane, f o r  instance, 
i n  the separated aromatics i n  order t o  observe a la rge  increase in  n . 
t h e  values f o r  n found f o r  a l l  fue l s  vary only s l i g h t l y  from run t o  run (approxi- 
mately 5%). We would expect a la rger  var ia t ion  f o r  t he  n parameter i f  incomplete 
separation were occurring. 

i 

If appreciable quant i t ies  of paraf f ins  were t a i l i n g  in to  the  aromatic 1 ' 

Furthermore, :a' 
E Loss of low bo i l ing  aromatic components during concentration of t he  individual 

f rac t ions  was a l s o  o f  concern t o  US. However, the  da ta  in  Table I ind ica te  t h a t  th i s  I 
process i s  unimportant. 
concentration of  naphthalenes. 
between runs for  most fue l s .  

Loss of low boi le rs  would r e s u l t  i n  a higher "apparent" 
The %mono data i n  Table I shows l i t t l e  var ia t ion  

Lastly,  t he  method of Clutter and co-workers (9) may incor rec t ly  estimate 
some average parameters i f  narrow cut fue ls  a re  used (12). Qual i ta t ive  ana lys i s  by 
glpc of some of the  aromatic f rac t ions  on a 10' X 1/8" 08-22? column indicates the 

re la ted  s t r u c t u r a l  i sove r s ) .  
presence of at l e a s t  60 d i s t i n c t  peaks which a re  not resolved (implying presence of 

cor rec t ly  r e f l e c t  t h e  composition of the  aromatic f rac t ions .  A complete discussion 
of the advantages of t h e  Clu t te r  method, compared t o  others ava i lab le ,  has been 
given elsewhere (9). 

We therefore f e e l  the calculated parameters i n  Table I 'I 1 

In another con t ro l  experiment, t he  molecular weights calculated from EMR 
data (Table I) were compared t o  those determined'by vapor phase osmometry (VPO) (13) 
and by mass spectroscopy (MS) (14). 
iiiined by t he  three iiiethods i s  presented i n  Table I1 below. 

A comparison of t he  molecular weights deter- 

TABLE I1 

COMPARISONS OF MOLECULAR WEIGHTS OF AROMATIC FRACTIONS 

Molecular Weight 

EMR - MS - vpo - Sample 

sun 1 
Sol. Extr. 
sun 5 
Paraho 

Pe t ro l .  JP- 5 

194 179 
240 206 

176 
198 
158 
176 
168 
176 
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The VPO molecular weights ind ica te  t h a t  t h e  FMR method cor rec t ly  reveals 
changes i n  molecular weights between samples. The mass spectrometric molecular 
weights correspond very c lose ly  t o  those obtained by PMR. 
EMR method generates accurate molecular weights fo r  these  aromatic f rac t ions .  
analogy, the  other parameters l i s t e d  i n  Table I a r e  a t  l e a s t  as accurate as the  
molecular weight. 

These data imply t h a t  the  
By 

The data i n  Table I suggest a f a i r l y  c l ea r  p i c tu re  of the  nature of t he  
aromatic fractions of these fuels.  
(new and aged), Paraho, Ta r  Sands, and both petroleum fue l s ,  Pet-1 and Pet-2, i s  
1 7 4 ~ 5  (Table I) .  
d i f fe red  markedly from t h i s  average. 
end point (>>287"C) of a l l  fue ls ,  while t h e  l a t t e r  f u e l  had the  lowest d i s t i l l a t i o n  
end point (261 '~ ) .  Most fue ls  had between 6.5 and 7 aromatic carbons, approximately 
3 alkyl groups and 2 carbons per a lky l  group i n  t h e i r  average aromatic molecule. 
This s imi la r i ty  in  the  nature of t h e  aromatic f rac t ions  is noteworthy s ince  the  
fue ls  examined were derived from s t a r t i n g  materials which a re  chemically, as  wel l  as 
geologically,  d i f fe ren t .  

The average molecdar  weight of Sun 1 and Sun 2 

Only two fue l s ,  Sol. E x t r .  and Sun 5, had molecular weights which 
The former f u e l  had the  highest  d i s t i l l a t i o n  

While the  aromatic f rac t ions  of these  fue l s  a r e  similar i n  ove ra l l  fea tures ,  
For instance,  t he  widest var ia t ion  i n  t h e  value of 

It must be recognized t h a t  f o r  t e t r a l i n  
, t he re  a re  important differences.  
any parameter was observed f o r  # naphthene. 
(1,2,3,4 - tetrahydronaphthalene), there  i s  one (1.0) naphthene r ing  per molecule.. 
In Table I, the # naphthene, of t he  aromatic f rac t ions ,  var ies  from 0.75 and 0.7 
(Sun 1 and Sol. Extr.)  t o  0.3 (Pet-2). This fundamental difference i n  the  aromatic 
f rac t ions  might account f o r  differences i n  the  v i scos i t i e s  of the  whole fue ls  (17,18). 
There a re  a l so  var ia t ions  i n  n, # CA, and # alkyl gp between these  fue ls .  
instance,  one might have ap r io r i  assumed t h a t  t h e  Sun 1 and Sun 2 fue ls  would 
exhib i t  a high # CA due t o  the  polycondensed aromatic nature of coals (15). 
the  # CA i s  higher f o r  both petroleum derived fue l s  used than fo r  any of the  o ther  
non-petroleum derived fuels.  
mono is  lowest f o r  t he  petroleum derived fue l s ,  which implies more naphthalenes 
i n  the  petroleum fue l s  than i n  the  other fue ls .  

For 

However, 

This i s  a l so  re f lec ted  i n  the  % mono values. The % 

This apparent anomaly, t h a t  t he  coa l  derived fue l s  contain l e s s  d icyc l ic  
aromatics, can be made understandable i f  we consider t h e  naphthene content of these 
aromatic fractions.  
tetralin-indane type. Clearly,  these naphthenes are derived from the  parent 
d icyc l ic  aromatic by hydrogenation. 
contribute t o  t h e  area of monocyclic aromatics (7.05 - 6.6 ppm; Figure 4), while 
the  # naphthene is  calculated from the  integrated a rea  under the  protons 6 t o  t he  
aromatic r ing  of t e t r a l i n  o r  indane (1.9 - 1.65 ppm; Figure 4) .  
hydrotreatment w i l l  convert naphthalenes t o  t e t r a l i n s ,  we should idea l ly  compare 
% mono (or  # CA) between fue ls  which have undergone equivalent processing. This 
process data was not available f o r  the  petroleum derived fue ls .  Instead, we can 
compare the  t o t a l  amount of dicyclics (naphthalenes + t e t ra l ins - indanes  ) between 
fue ls .  

The naphthenes present i n  these aromatic f rac t ions  a r e  of t h e  

The aromatic protons of these naphthenes 

Since vigorous 

The percent of d icyc l ic  compounds in  these f rac t ions  can be ca lcu la ted  t o  a 
first approximation i n  t h e  following manner: 

% Dicyclics = ($ mono) (# naphthene) + (100 - % mono) 1) 

If the r e su l t s  i n  Table I gave a value of 1.0 f o r  # naphthene, then each 
aromatic molecule would contain a t e t r a l i n  or indane type ring. 
than 1.0 for  # naphthene ind ica te  the  f rac t ion  of the  t o t a l  number of aromatic 
molecules which are of t he  te t ra l in- indane  type. For instance,  i n  the  case of t h e  
sun 1 fue l ,  75% of the  molecules a re  t e t r a l i n s  or  indanes (i.e., # naphthene = 0.75). 
Since the  aromatic protons of these naphthenes a re  counted as  "benzenes," we must 
cor rec t  the  % mono f igure  as shown in  equation 1). 

Hence, values l e s s  

The l a s t  term on the  r igh t  hand 
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s ide  of equation 
equation, we f ind  t h a t  7 8 . s  of t he  aromatic molecules in the  Sun 1 fue l  a r e  
dicyclic (84.3 X (0.75) + (100-84.3)). 
a r e  dicyclic i n  t h e  Sun 2 fue l .  However, t h e  '$ dicyc l ic  aromatic molecules fo r  the 
Pet-1 and Pet-2 fue l s  was found t o  be 55.2 and 52.1, respectively.  Hence, t he  coal 
derived fue ls  have s ign i f i can t ly  more d icyc l ic  (condensed) ring s t ruc tures  than the 
petroleum derived fuels. A s  expected, t h e  coa l  derived fuels contained l e s s  
naphthalenes than t h e  petroleum derived fue l s ,  because of t he  vigorous hydrotreat- 
ment t o  which they were subjected. 

1) i s  the  % naphthalenes i n  the  sample. By working through th i s  

Similarly,  68.5% of the  aromatic molecules 

In addition t o  cor rec t ly  predicting the  order of molecular weights (Table 
11), the EMR method de tec ts  changes i n  other parameters which are consistent with 
changes i n  f u e l  proper t ies .  
a Western KentucQ coa l  v i a  an i den t i ca l  sequence of process s teps  but t he  d i s t i l l a -  
t i o n  end point of Sun 1 was 279.5"C, while t he  d i s t i l l a t i o n  end poin t  of t h e  Sun 5 
was  261°C. 
i n  the  properties of t h e  Sun 5 aromatics: 
compared with those values f o r  Sun 1. 

For instance,  Sun 1 and Sun 5 were fue l s  produced from 

The lower d i s t i l l a t i o n  end point of t he  Sun 5 f u e l  i s  c lear ly  reflected 
lower values f o r  n ,  Md, # a lky l  gp 

While l a rge  changes i n  fue l  aromatics a r e  c l ea r ly  detectable by t h e  FMR 
method employed, we could not  de tec t  changes i n  the  aromatic *actions a f t e r  a 
storage s t a b i l i t y  t e s t  (Table I). 
t h e  storage t e s t ,  aromatic hydroperoxide which forms would not decompose rapidly. 
The aromatic hydroperoxides would be separated from unoxidized compounds upon s i l i ca  
g e l  chromatography (16). 
removed from t h e  remainder of t h e  aromatic "pool." 
changes i n  t h e  average parameters of aged Sun 1 and Sun 2. 
probably ins igni f icant ,  although a s t a t i s t i c a l  ana lys i s  was not performed. The 
l a t t e r  conclusion i s  cons is ten t  with t h e  observation t h a t  no gums o r  sediment were 
observed in  the  aged Sun 1 and aged Sun 2 fue l s  and furthermore, t h a t  t he  thermal 
s t a b i l i t y  of both aged fue l s  w a s  unchanged. 

Under the  s t a t i c ,  oxygen def ic ien t  conditions of 

The most oxygen l a b i l e  aromatics would therefore  be 

These changes a re  
There a r e  small and i r regular  

Correlation of Average Parameters with Fuel Properties 

The co r re l a t ion  of f u e l  properties with compositional data has been an 
ac t ive  area of research f o r  some time (19-21). 
not t o  develop a s e t  o f  equations from which one can ca lcu la te  a spec i f ic  f u e l  
physical property from compositional da ta  (21),  bu t  ra ther  t o  attempt t o  explain 
some of t he  sub-specification proper t ies  of these a l t e rna te  fuels.  
p roper t ies  which were of concern t o  us were the  smoke poin t ,  v i scos i ty  and freeze 
poin t  (1). 

O u r  i n t e r e s t  i n  t h i s  area was 

Some 

In  general, f u e l  properties were p lo t t ed  against  n, # CA, # alkyl gps,  
# naphthene. 
# CA/n X # a l k y l  gp) and parameters which can be  calculated from the  data i n  
Table I, such a s  w t .  $ H (aromatics) and approximate diameter of t h e  average 
aromatic molecule, were p lo t t ed  against  t he  f u e l  property of i n t e re s t .  When 
s t r a igh t  l i n e  re la t ionships  were observed, l e a s t  squares regression ana lys i s  was 
used t o  ca lcu la te  t he  coef f ic ien t  of cor re la t ion ,  r. 
t h a t  baseline data for a representative sampling of petroleum JP-5 grade fue l s  has 
not  ye t  been obtained. 
a r e  typical of our r e s u l t s ,  a r e  i l l u s t r a t e d  below. 

content (vol. %) of t h e  f u e l  (1) .  
suggest t h a t  'some property of f u e l  aromatics controls combustion charac te r i s t ics .  
However, we could f ind  no cor re la t ion  between f u e l  smoke point and any property of 
fue l  aromatics. 

Each ind iv idua l  parameter, combinations of parameters ( i . e . ,  

It should be emphasized 

Selected f u e l  property-FMR parameter cor re la t ions ,  which 

It has been shown t h a t  f u e l  smoke poin t  i s  controlled by t h e  aromatic 
This cor re la t ion ,  as  wel l  as others (19, 22), 

Two examples, which a r e  typ ica l ,  a r e  sham in  Figures 5 and 6. 
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Fuel viscosity i s  a Mdamenta l  property which d i r ec t ly  cont ro ls  atomization in  
combustors and a f f ec t s  f u e l  cont ro l  equipment. 
mixtures can often be represented by a simple add i t iv i ty  l a w  (25). 
Viscosity of cycloparaffins,  as  wel l  as t e t r a l i n s  and indanes, can d i f f e r  widely 
from the  Viscosity of t h e  parent aromatic (17, 18). 
surpr i s ing  tha t  t he  f u e l  v i scos i ty  was  found t o  co r re l a t e  so c lose ly  with the  
"diameter" o f  t he  average aromatic molecule (Figure 7). 
aromatic molecule was estim- follows : 

It i s  known t h a t  v i scos i ty  of l i qu id  
I n  addition, the 

It was therefore somewhat 

The diameter of t h e  average 

Diameter (A) = Fr. mono (2.8) + Fr. D I  (4.9) + n (0.89) (# alkyl gp) 2)  

where Fr .  mono = Fraction monocyclic rings 
Fr. D I  = Fraction d icyc l ic  rings,  including 

t e t r a l i n s  (from equation 1)) 

I n  these JP-5 grade fue l s ,  we may be dealing with a spec ia l  phenomenon. 
o i l  fractions a re  hydrotreated, the  v i scos i ty  of t h e  o i l  decreases (17). 
the  graph i n  Figure 7 implies t h a t  t he  v i scos i t i e s  of t he  aromatics and t h e  
t e t r a l i n s  and cycloparaffins derived therefrom a r e  similar.  This view i s  supported 
by the  negligible change i n  f u e l  v i scos i ty  upon vigorous hydrotreatment of the  
Sun 1 and Sun 2 fue ls  ( 3 ) ,  which resu l ted  i n  near ly  complete dearomatization. 

When lube 
However, 

Dimitroff and co-workers (16, 17) have shown f u e l  freezing t o  be a complex 
process w i t h s -  alkanes playing an important ro l e ,  bu t  with a l l  f u e l  components 
in te rac t ing  during freezing. 
po in t  is re la ted  t o  the  concentration of 2- hexadecane but  not t h e  t o t a l n -  alkane 
concentration for these a l t e rna te  fue ls .  
po in t  probably does not follow a simple add i t iv i ty  ru l e .  
f u e l  freeze point against  t he  diameter of t he  average aromatic molecule i s  shown. 
The good cor re la t ion  degrades markedly when the  volume % aromatics ( i n  each f h e l )  
i s  accounted fo r  (Figure 9).  Hence, f u e l  freeze poin t  seems t o  depend more strongly 
on t h e  s ize  ra ther  than the  quantity of aromatics present i n  fuel.  
explanation f o r  t h i s  behavior i s  t h a t  t h e  larger aromatics cause an ordering o f  
non-aromatic fue l  components i n  a way similar t o  the  ordering of water by dissolved 
soaps. 
cor re la te  well bu t  t he  urea extracted (1) Faraho f u e l  ( 0 . 1 7 % ~ -  hexadecane) does 
f a l l  near the  l i n e .  
grade kerosene i n  order t o  es tab l i sh  baseline data. 
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Fig. 1 
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Fig. 2 
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Fig. 3 

PROCESSING SCHEMATIC FOR TAR SANDS FUEL 
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Fig. 5 
FUEL SMOKE POINT VS. AROMATICITY 
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Fig. 6 
FUEL SMOKE POINT VS. Wt % H(AROM. 1 X V o l  % AROMATICS 
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Fig. 7 
FUEL KDBNATIC VISCOSITY (-30°F) VS. DIAMETER OF AVERAGE AROMATIC MOLECULE 
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Fig. 8 
FUEL FREEZE POINT VS.  DIAMETER OF AVERAGE AROMATIC MOLECULE 
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Fig. 9 
FUEL FREEZE POINT VS. D I A M E T E R ( ~ o M . )  X VOL % AROMATICS 
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FIAtWABILITY, IGNITION AND ELl?Cl"?fl!IC PRQPERlTEs OF NAVY FUELS 
D E ~ F I M M C O A L , T A R S A N D S A N D S H A L E ~ ~  

W. A. Affens, J. T. Imnard, G. W. m e n  and R. N. Hazlett 

Naval Research Laboratory 
Washington, D. C. 20375 

INI!IOLWTION 

As part of the coordinated synthetic fuels research and developrwt program of 
the Navy and other deparmts of the Departnwt of Defense, National Aeronautic 
and Space Adninistration, hergy Research and Lkvelopmt Idministration, Maritime 
Administration, and the Departnwt of the Interior, the Naval Research Laboratory is 
investigating the flamrability and related properties of JP-5 jet fuel derived fran 
sources other than petroleum. NRL has also mde a related study on ship propulsion 
fuels derived frcm coal, and these studies will be included in the last section of 
t h i s  paper. 

Seven samples of turbine fuels from alternate sources were examined in this 
study, five from coal and one each frcin tar sands and shale oil. These materials 
w e  selected because they had been processed to have properties close to that of 
JP-5, the Navy's primary jet aircraft fuel. All five coal prcducts were prepared 
by the Char Oil hergy Lkveloprwt (COED) process, follawed by distillation and hydro- 
genation. The preparation and properties of coal-derived jet fuels are described 
in a Sun Oil Ccpnpany report (1). Shale crude oil, made by the Paraho retort pro- 
cess, was converted to jet fuel (and other military fuels) by delayed coking, dis- 
tillation, and hydrogenation (2). The tar sands fuel was prcduced by the Great 
Canadian Oil Sands ccsnpany (3). Mre details concerning the preparation of these 
fuels will be given in another paper of this symposiun ( 4 ) .  T w  conventional JP-5 
fuel samples (from petroleum) were included in the stdy for caparison. All of the 
JP-5 samples w e  supposed to meet the requir-ts of the military specifications 
of jet fuel (5), but saw here not met. 

FIDwYBILITY AND 1aIT10N PrnrnIES OF JP-5 JEr FUELS FIMM ALmmATE sxJRcEs 

This portion of the paper is concerned with the flamnability and related prop 
erties of alternate jet fuels. 
are reported in t m  other papers of this Symposium (4 ,6 ) .  

Additional properties were also investigated and 

Flanability and Ignition Properties - Three flamrability properties were in- 
cluded in this study: flash point, flammbility index, and autoignition temperature. 
Flash points were detennined by the Pensky-Martens Closed-cup (PIKC) (7), Tag 
Closed-cup (Tag) ( 8 ) ,  or Seta Closed+ (Setaflash) flash point methcd (9). Flam- 
mability indices at several temperatures were determined by the NRL flame ionization 
detector wthcd (10,11), and minimum autoignition temperatures (ATT) by ASTFl D2155 
(12). only the PMX flash pint determination is a specification requirerent (60q 

minimum), although the flamnability index at 51.7% is related to the "Explosive- 
ness" rquirentmt of the specification (5). The flash point and flamnability index 
determinations are important since they are a measure of the tendency of a liquid 
fuel to form a flamnable mixture with air at a given tapratwe. The significance 
of autoignition temperature is that it is a measure of the likelihocd that spontane- 
ous or autoignition might o c m  if the fuel contacts a hot surface, such as by leak- 
age onto a steam pipe. 

~esdts - Flamoability index, flash point, and autoignition data are shcwn in 
Tables I - 111. 
oil, and 
specification (5). 

It is seen that the first three fuels in Table I (tar sands, shale 

On the other hand, the other coal samples had PXX flash points 
5) did not meet the 60% mininnun flash point (Pm) requir-t of the 
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which a r e  cons iderably  above t h a t  of t h e  s p e c i f i c a t i o n  requirement .  
t h e  case f o r  f u e l s  i n  t h e  JP-5 f l a s h  p o i n t  range,  the  Tag f l a s h  p o i n t s  a r e  lower 
(average =Z0) than  t h o s e  obta ined  by PMCC. 
index d a t a  f o r  t h e  petroleum JP-5 samples f e l l  w i t h i n  t h e  range found f o r  t h e  
a l t e r n a t e  f u e l  samples .  

A s  i s  usua l ly  

Both t h e  f l a s h  p o i n t  and f lammabil i ty  ,a 
Flammability Index - Flammability index (E) is def ined  as t h e  r a t i o  of the  

vapor  c o n c e n t r a t i o n  i n  a i r  (C, %v/v) t o  t h a t  a t  t h e  lower f lammabil i ty  l i m i t  (L, 
%v/v) ,  s o  t h a t  E = C/L.  
c e n t .  I f  E i s  less than 1 ( loo%),  t h e  vapor-air  mixture  is nonflammable, and i f  E 

l i q u i d s ,  t h e  f lammabi l i ty  index r e f e r s  t o  t h e  vapor-a i r  mix ture  which is i n  e q u i l i -  , 
is equal  t o  o r  g r e a t e r  than  u n i t y ,  t h e  mixture  i s  flammable (10).  I n  t h e  c a s e  of 

brium wi th  t h e  l i q u i d  a t  a given temperature .  
f u e l s  were determined a t  s e v e r a l  temperatures ,  and a r e  p l o t t e d  i n  F i g u r e  1. The 
f lammabil i ty  i n d i c e s  a t  51.7OC (125'F) are shown i n  Table  I. 
which is a vapor p r e s s u r e  f u n c t i o n ,  has  been shown t o  vary e x p o n e n t i a l l y  with t e m -  
p e r a t u r e  f o r  hydrocarbons and t h e i r  mix tures  accord ing  t o  t h e  fo l lowing  r e l a t i o n s h i p  

Flammability index may b e  expressed as a decimal  o r  a s  per- 

The f lammabi l i ty  i n d i c e s  of a l l  the  

Flammability index, 

(11) : 

Log E = m/(T OC + 230) + k 

where T is temperature  (OC), and m and k are c o n s t a n t s .  
p l o t  of Log E v s  r e c i p r o c a l  temperature  i s  l i n e a r  wi th  s l o p e  m ,  and i n t e r c e p t  k .  
Slopes and i n t e r c e p t s  are included i n  t h e  t a b l e .  

A s  i s  shown i n  Figure 1, a 

T If w e  l e t  E = 100% i n  Equatioq 1: and s o l v e  f o r  T,  a v a l u e  i s  obta ined  ( E) 
which i s  r e l a t e d  t o  f l a s h  poin t .  E i s  t h a t  temperature  a t  which t h e  concentrat ion 
of  the vapor i n  e q u i l i b r i u m  wi th  t h e  l i q u i d  f u e l  i s  e q u a l  to t h a t  a t  t h e  lower flam- , 
m a b i l i t y  l i m i t .  
which t h e  curves i n t e r s e c t  t h e  h o r i z o n t a l  l i n e  a t  %E = 100%. 
t r i a n g l e s  a r e  a c t u a l  f l a s h  p o i n t s  (Tag) and i t  i s  seen  t h a t  they  l i e  c l o s e  t o  the  
i n t e r s e c t i o n  p o i n t s .  A comparison of TE and Tag f l a s h  p o i n t s  a r e  shown i n  t h e  ta- 
b l e .  The s l o p e s  (m) and i n t e r c e p t s  ( k ) ,  as i n  t h e  c a s e  of f lammabi l i ty  index, a r e  
dependent on f u e l  composi t ion.  I n  g e n e r a l ,  t h e  s l o p e s  (nega t ive)  of t h e  a l t e r n a t e  
f u e l  samples (1554 t o  1906) a r e  lower than  t h a t  of t h e  petroleum samples (1917 and 
1994) .  S i m i l a r l y ,  t h e  i n t e r c e p t s  (5.46 t o  6.14) a r e  lower than t h a t  of  t h e  petro- 
leum f u e l s  (6.65 and 6 . 8 4 ) ,  s o  t h a t  i t  can be  concluded t h a t  t h e r e  are d i f fe rences  
i n  composition between t h e  a l t e r n a t e  f u e l s  and t h a t  of  t h e  petroleum f u e l .  Previous 'a 
unpublished NRL work wi th  s ix  convent ional  JP-5 f u e l s  gave a range of 1917 t o  2076 
(average = 1987) f o r  s lopes ,  and 6.65 t o  7.19 (average  = 6.88) f o r  t h e  i n t e r c e p t s .  

r 
TE may a l s o  be obta ined  g r a p h i c a l l y  by n o t i n g  t h e  temperatures  a t  

In  Figure  1, t h e  small 

' 

Effec t  of Fue l  System I c i n g  I n h i b i t o r  Addi t ive  on Flash  Poin t  - Ethylene glycol  
monomethyl e t h e r  (EGME) i s  p r e s e n t l y  used a s  a f u e l  system i c i n g  i n h i b i t o r  addi t ive  
i n  JP-5 ( 5 ) .  It h a s  been shown t h a t  a t  use concent ra t ions  (0.1 t o  0 .15%),  EGME ad- 
d i t i v e  lowers  t h e  f l a s h  p o i n t  of JP-5 3 t o  4OC (13) .  This  e f f e c t  complicates  the 
burden on r e f i n e r s  i n  meeting t h e  minum f l a s h  p o i n t  requirement  of t h e  spec i f ica-  
t i o n .  The ques t ion  of whether t h i s  problem might a l s o  e x i s t  wi th  JP-5 from a l t e r -  
n a t e  sources  w a s  a l s o  i n v e s t i g a t e d  and r e s u l t s  are shown i n  Table  11. A pure hydro- 
carbon i s  a l s o  inc luded  i n  t h e  t a b l e  f o r  comparison. It w i l l  be  seen i n  t h e  t a b l e  
t h a t  t h e  f l a s h  p o i n t  depress ion  a t  0.15% EGME ranges from 2 t o  5 O C  wi th  t h e  grea tes t  
e f f e c t s  occur r ing  a t  t h e  h igher  f l a s h  p o i n t s .  
problem of f l a s h  p o i n t  depress ion  by EGME f o r  petroleum f u e l s  a l s o  e x i s t s  f o r  the 
f u e l s  from a l t e r n a t e  sources .  

From t h i s  da ta .  we conclude t h a t  the 

'I Autoigni t ion  Temperatures - Autoigni t ion  temperatures(A1T) f o r  t h e  JP-5 f u e l s  

These temperatures  r e p r e s e n t  t h e  lowest  tempera- 
are shown i n  Table  111. The A I T  d a t a  by t h e  s tandard  ASTM method (12) a r e  shown 
under "hot  flames" i n  t h e  t a b l e .  
t u r e s  a t  which v i s i b l e  i g n i t i o n  occurs  i n  t h e  s tandard  200-ml ASTM f l a s k  without 
t h e  a id  of an e x t e r n a l  i g n i t i o n  source.  
and with t h e  a i d  of a thermocouple-recorder arrangement f o r  monitor ing t h e  i n t e r n a l  'I 

, 

Observat ions were made i n  t o t a l  darkness 
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gas temperature i n s i d e  of t h e  f l a s k .  
Of four  of t h e  c o a l  samples, and one of t h e  petroleum samples. 
t h a t  t h e  cool  flame i g n i t i o n s  occurred a t  lower temperatures  than  t h a t  of t h e  hot  
flame i g n i t i o n s .  From t h e  poin t  of view of s a f e t y ,  i t  i s  d e s i r a b l e  t o  be a b l e  t o  
determine a t r u e  minimum AIT .  Since cool  flames are p r e c u r s o r s  of ho t  flame i g n i -  
t i o n s ,  e i t h e r  type of i g n i t i o n  should be  considered a s  a "pos i t ive"  i g n i t i o n .  
d i f fe rences  i n  t h e  t a b l e  range from 4 t o  14oC. 
Values i n  a l l  c a s e s  (cool  flame o r  ho t  f lame) ,  t h e  AIT v a l u e s  f o r  t h e  a l t e r n a t e  f u e l  
samples range from 241 t o  247OC and these  v a l u e s  are i n  t h e  s a m e  range  as t h a t  of 
t h e  petroleum f u e l  samples. 

Cool flame i g n i t i o n s  w e r e  observed i n  t h e  c a s e  
It w i l l  be  noted 

The 
I f  we  pay a t t e n t i o n  t o  t h e  lower 

Conclusions - The tar sands,  s h a l e  o i l ,  and one of t h e  c o a l  samples had f l a s h  
p o i n t s  which were below t h a t  of t h e  6OoC s p e c i f i c a t i o n  requirement .  The remaining 
f u e l s  from c o a l  had f l a s h  p o i n t s  which were h igher  than  s p e c i f i c a t i o n  requirements  
and a l s o  higher  than  those  of t h e  usua l  run  of petroleum JP-5. 

Flammability i n d i c e s  and f lammabil i ty- temperature  r e l a t i o n s h i p s  of t h e  a l t e r -  

Auto igni t ion  temperatures  of  t h e  a l t e r n a t e  f u e l s  were s imi la r  t o  t h a t  
n a t e  f u e l s  were a l s o  measured, and found t o  d i f f e r  somewhat from t h a t  of t h e  pe t ro-  
leum f u e l s .  
of petroleum der ived  f u e l s .  

In genera l ,  t h e  f lammabil i ty  p r o p e r t i e s  f o  t h e  JP-5 from a l t e r n a t e  sources  were 
not  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of  JP-5 from petroleum. I f  t h e  a l t e r n a t e  
f u e l s  were r e f i n e d  t o  more c l o s e l y  agree  wi th  t h e  f l a s h  poin t  requirement ,  t h e  o t h e r  
observed d i f f e r e n c e s  would probably be diminished.  

ELECTROSTATIC PROPERTIES OF JP-5 JET FUELS FROM ALTERNATE SOURCES 

Although n e i t h e r  e l e c t r i c a l  conduct iv i ty  nor charging tendency are p a r t  of the 
present  s p e c i f i c a t i o n s  f o r  t u r b i n e  f u e l s ,  bo th  p r o p e r t i e s  a r e  u s e f u l  i n  p r e d i c t i n g  
whether a n  e l e c t r o s t a t i c  i g n i t i o n  hazard exists i n  handl ing  such products .  There- 
f o r e  these  p r o p e r t i e s  were measured on t h e  a l t e r n a t e  f u e l s  t o  determine i f  t h e s e  
f u e l s  posed a lesser o r  g r e a t e r  hazard than  t h e i r  petroleum-derived c o u n t e r p a r t s .  

Determination of E l e c t r o s t a t i c  P r o p e r t i e s  - E l e c t r i c a l  c o n d u c t i v i t y  was d e t e r -  
mined by t h e  ASTM method (14) and charging tendency wi th  t h e  EXXON Mini -Sta t ic  Test- 
er (15) .  The lat ter method measures t h e  amount of e lectr ical  charge generated by 
flowing a f u e l  sample through a paper  f i l t e r .  Since t h e  two methods were used t o  
eva lua te  samples taken i n  a r e c e n t  survey of jet  f u e l s  from t e n  commercial a i r p o r t s  
and t h r e e  m i l i t a r y  bases  (16) ,  t h e  r e s u l t s  of t h e  p r e s e n t  s tudy  can b e  d i r e c t l y  re- 
l a t e d  t o  a c t u a l  f i e l d  experience.  

Resul t s  and Conclusions - The e l e c t r i c a l  conduct iv i ty  and charging tendency of  
t h e  JP-5 samples der ived from c o a l ,  t a r  sands and s h a l e  a r e  summarized i n  Table  I V .  
Conductivity i s  expressed i n  terms of  picosiemens/meter (ps/m) and charg ing  tendency 
as t h e  d e n s i t y  of  charge i n  t h e  f u e l  i n  microcoulombs/meter3 (PC/m3). The r e s u l t s  
of t h e  present  s tudy  are compared with t h e  d a t a  obta ined  f o r  v a r i o u s  t u r b i n e  f u e l s  
( Je t  A,  JP-4 and JP-5) i n  F igures  2 and 3.  The d a t a  show t h a t ,  w i t h  t h e  except ion  
of t h e  JP-5 from s h a l e  o i l ,  t h e  conduct iv i ty  and charg ing  tendency of t h e  a l t e r n a t e  
f u e l s  a r e  w e l l  w i t h i n  t h e  ranges of t h e  petroleum-derived Jet A samples b u t  some- 
what lower than  t h e  va lues  obtained f o r  t h e  petroleum-derived JP-4 f u e l s .  Since t h e  
t o t a l  number of JP-5  samples i n  t h e  f u e l  c o n d u c t i v i t y  survey w a s  q u i t e  s m a l l  (18 
samples from only  one Naval A i r  S t a t i o n  v s  338 samples of Jet A from t e n  a i r p o r t s ) ,  
i t  is b e t t e r  perhaps t o  r e s t r i c t  t h e  comparison of t h e  p r e s e n t  d a t a  t o  t h e  survey 
d a t a  f o r  J e t  A. 

The JP-5 der ived  from s h a l e  o i l  was an except ion.  This f u e l  w a s  an of f - spec i -  
f i c a t i o n  product  conta in inga  sediment which clogged t h e  f i l t e r  of t h e  charging ten-  
dency apparatus  making it impossible  t o  o b t a i n  a charge d e n s i t y  measurement. A f t e r  
t h i s  sample w a s  f i l t e r e d  through a 0 . 4 5 ~  M i l l i p o r e  f i l t e r ,  a charge d e n s i t y  of 7035 
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3 pC/m w a s  ob ta ined ,  a va lue  somewhat above t h e  maximum observed i n  the  s tudy on 
petroleum der ived  j e t  f u e l s .  However, i n  t h i s  case ,  t h e  h igh  charge d e n s i t y  is of 
no concern s i n c e  t h e  c o n d u c t i v i t y  of  t h e  JP-5 f u e l  der ived  from s h a l e  o i l  was suf f i -  
c i e n t l y  high (215 pS/m) t h a t  most of t h e  charge generated i n  t h e  f i l t e r  decays i n  
l e s s  than one second and hence does not  c o n s t i t u t e  a hazard.  In view of t h e  ra ther  

no g r e a t e r  e l e c t r o s t a t i c  hazard i s  envisoned i n  t h e  handl ing  of these  uroducts  than 
low c o n d u c t i v i t i e s  and charging tendencies  exhib i ted  by t h e  o t h e r  a l t e r n a t e  f u e l s ,  

- - 
t h e i r  petroleum d e r i v e d  c o u n t e r p a r t s .  

FLAMMABILITY AND I G N I T I O N  PROPERTIES OF SHIP PROPULSION FUELS DERIVED FROM COAL 

The Navy h a s  a l s o  been explor ing  t h e  f e a s i b i l i t y  of burning f u e l  o i l  der ived 
from c o a l  i n  s h i p s '  p ropuls ion  systems ( 1 7 ) .  One f u e l  f o r  t h i s  purpose w a s  prepared 
from I l l i n o i s  No. 6 c o a l  by t h e  COED process  a t  FMC Corporat ion,  Pr ince ton ,  N e w  
Jersey  under a c o n t r a c t  wi th  t h e  O f f i c e  of Coal Research, Department of t h e  
I n t e r i o r  ( 1 7 ) .  The c rude  COED product possessed n wide b o i l i n g  range and, hence, a 
low f l a s h  p o i n t ,  14OC. 
f r a c t i o n s  (17)  and raise t h e  f l a s h  poin t  above 60°C, t h e  minimum acceptab le  f o r  
sh ip  propuls ion f u e l  (18-20). 

Therefore  t h i s  product  was d i s t i l l e d  t o  remove t h e  l i g h t  

Resul t s  and Conclusions - The f lammabil i ty  and i g n i t i o n  p r o p e r t i e s  of t h e  p m -  
cessed COED f u e l  (SP-4) a r e  compared i n  Table  V with t h e  p r o p e r t i e s  of t h r e e  petro- 
leum derived f u e l s .  These l a t t e r  f u e l s  inc lude  t h e  c u r r e n t  Navy s h i p  propuls ion 
f u e l ,  D i e s e l  Fue l  Marine (DFM), and two o b s o l e t e  t y p e s ,  Navy D i s t i l l a t e  (ND) and 
Navy Spec ia l  Fue l  O i l  (NSFO). The  f l a s h  p o i n t  of t h e  COED f u e l  i s  s l i g h t l y  lower 
than t h a t  of t h e  petroleum f u e l s  and t h e  f lammabil i ty  index is seen t o  be near  the 
average of t h e  t h r e e  petroleum f u e l s .  
higher  than  t h a t  of t h e  t h r e e  petroleum f u e l s .  

I 

II The a u t o i g n i t i o n  temperature  was somewhat 

A p l o t  of f lammabi l i ty  index v s  r e c i p r o c a l  temperature  f o r  t h e  processed COED 
f u e l  a long wi th  s i m i l a r  p l o t s  f o r  t y p i c a l  petroleum der ived  s h i p  f u e l s  a r e  shown i n  
Figure 4 .  A s  i n  t h e  c a s e  of  t h e  JP-5 d a t a  (F igure  l), t h e  graphs a r e  l i n e a r  and 
i n t e r s e c t  t h e  h o r i z o n t a l  E = 100% l i n e  r e l a t i v e l y  c l o s e  t o  t h e  f l a s h  p o i n t  temper- 
a t u r e .  

The s i n g l e  sample of processed COED s h i p  propuls ion  f u e l  (SP-4) which w a s  in- 
v e s t i g a t e d  i s  n o t  n e c e s s a r i l y  r e p r e s e n t a t i v e  of s y n t h e t i c  f u e l  der ived from coal .  
However, t h e  d a t a  on t h i s  sample i n d i c a t e  t h a t  c o a l  der ived  f u e l s  w i l l  be s a t i s f a c -  
t o r y  f o r  s h i p  p r o p u l s i o n  use ,  a t  l e a s t  from t h e  viewpoint  of f lammabil i ty  hazards. 

SUMMARY AND CONCLUSIONS 

m The f lammabi l i ty ,  i g n i t i o n ,  and e l e c t r o s t a t i c  p r o p e r t i e s  of JP-5 j e t  f u e l  from 
a l t e r n a t e  s o u r c e s  and a s h i p  propuls ion  f u e l  der ived  from c o a l  were inves t iga ted .  
Flash p o i n t s ,  f lammabi l i ty  i n d i c e s ,  a u t o i g n i t i o n  temperatures ,  e l e c t r i c a l  conductiv- , 
i t i es  and e l e c t r o s t a t i c  charg ing  tendencies  were measured. In genera l ,  t h e  prop- 
e r t i e s  o f  t h e  a l t e r n a t e  f u e l s  were not  s i g n i f i c a n t l y  d i f f e r e n t  from s i m i l a r  f u e l s  
der ived from petroleum. These d i f f e r e n c e s  could probably be diminished by a l t e r i n g  
t h e  product ion p r o c e s s  and by observing c a r e  i n  meeting s p e c i f i c a t i o n  requirements. 
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Tar sands 
Shale  o i l  
COED 5 
COED 3 
COED 4 
COED 1 
COED 2 
Petroleum 1 
Petroleum 2 

Table  I - Flammability Index v s  Temperature and Flash  Poin t  
f o r  JP-5 From A l t e r n a t e  Sources 

91.0 
87.8 
86.0 
31.5 
30.2 
22.8 
21.9 
56.0 
62.0 

Flam.Index 
a t  51.7OC 

( X )  Source 

Source 

Tar Sands 
Shale O i l  
COED 5 
COED 3 
COED 4 
COED 1 
COED 2 

Petroleum 2 
n-Undecane 

EGME 

Flash  P o i n t  (OC) Flash P o i n t  Depression 
(0.15% EGMF,) 

(OC) 
XEGME 

0 0.10 0.15 0.30 0.50% 

55 54 53 49 2 
57 54 53 3 
58 55 53 3 
76 73 7 1  -- 62 5 
76 72 7 1  64 5 
70 74 73 -- 63 5 
79 76 74 65 5 
6 1  58 57 -- 52 4 
66 63 62 -- 56 4 
4 1  

-- 
- - 
- - 

-- 
-- 

1554 
1559 
1710 

1828 

1906 
1994 
1917 

- 
- 

I n t e r c e p t a  
(k) 

5.40 
5.46 
5.97 

5.97 

6.14 
6.84 
6.65 

- 
- 

54 
56 
56 

76 

81 
62 
58 

- 
- 

55 
57 
58 
76 
76 
7 8  
79 
6 1  
6 1  

57 
58 
59 
7 7  
78 
79 
83 
62 
65 

254 



Table I11 - Autoignition Temperatures of JP-5 from Alternate Sources 

SOURCE 

Shale oil 
Tar sands 
COED 4 
COED 1 
COED 3 
COED 5 
COED 2 
Petroleum 1 
Petroleum 2 

Autoignition Temperature (OC) 

Hot Flame* Cool Flame2 Difference 

241 - 
248 - 
248 - 
252 248 4 
253 243 10 
253 249 4 
254 245 9 
243 - 
254 240 14 

- 
- 
- 

- 

I 
SOURCE 

Tar sands 
COED 1 
COED 2 
COED 3 
COED 4 
COED 5 
Shale oil, as received 
Shale oil, filtered thru 0.45~ milliporc 

Table V - Average Flammability and Ignition Properties of 
Ship Propulsion Fuels 

I 
Charging 

Conductivity, Tendency, 
P d m  ~ / m 3  

0.271 170 
8.49 1274 
0.964 418 
0.371 575 
0.288 584 
4.55 2705 

246 ("1 
215 7035 

Fuel 

Diesel Fuel, Marine(DFM1 
Navy Distillate (ND) * 
Navy Special Fuel Oil: (NSFO) 
Processed COED Fuel (SP-4) 
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Flash Point Flammability Autoignition 
(OC) * Index Temperature 

(Es%) $ (OC) 

79 36 240 
79 41 238 
85 30 259 
73 35 266 
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~ F J E T  A (PETROLEUM)' 

JP-5 (SHALE OIL)' 
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CHEMICAL CHARACTERIZATION OF SHALE OIL AND RELATED FUELS a 
by Pe te r  W. Jones ,  Robert J. Jakobsen, Paul E. S t rup ,  

and Anthony P. Graffeo 

Battelle, Columbus Labora tor ies ,  Columbus, Ohio 43201 

INTRODUCTION 

I n  view of t h e  r ecen t  a c t i v i t y  d i r e c t e d  towards t h e  product ion  of f u e l  o i l s  as a 
s u b s t i t u t e  f o r  n a t u r a l  petroleum products,  t h e r e  has  a r i s e n  a need f o r  chemical 
c h a r a c t e r i z a t i o n  of t h e s e  materials. Chemical c h a r a c t e r i z a t i o n  of new f u e l s  i s  
important not only  i n  order  t o  provide an  understanding of their chemical and 
phys ica l  p rope r t i e s ,  but a l s o  t o  provide pre l iminary  d a t a  from which t h e i r  poten- 
t i a l  environmental impact may be judged. 

The r e s u l t s  r epor t ed  h e r e  r ep resen t  a pre l iminary  a n a l y t i c a l  survey of t h e  organic  
cons t i t uen t s  of s h a l e  o i l ,  s y n t h o i l ,  and Prudhoe Bay crude  o i l ,  as a pre lude  t o  t h e  
comprehensive a n a l y t i c a l  intercomparison which w i l l  be r epor t ed  subsequently.  The 
a n a l y t i c a l  t echniques  employed in t h i s  study are l i q u i d  chromatography (LC), Four ie r  
transform i n f r a r e d  spec t roscopy (FTIR), and gas  chromatographic-mass spectrometry 
(GC-MS). The a n a l y t i c a l  procedures used are similar t o  t h o s e  descr ibed  i n  a r e c e n t  
EPA publication( ')  "Technical Manual fo r  Analys is  of Organic Materials i n  Process 
Streams", wi th  regard  t o  Level I ana lys i s .  

EXPERIMENTAL AND RESULTS 

Liquid chromatography w a s  c a r r i e d  ou t  using 25 x 250 mm columns packed wi th  80 g of 
>ZOO mesh s i l i ca  g e l ,  which had been ac t iva t ed  a t  200 C f o r  over  24 hours.  
columns were pre-eluted w i t h  200-ml methanol, 200-ml methylene c h l o r i d e ,  and 
f i n a l l y  200-ml 60/80 petroleum e t h e r .  
and Prudhoe Bay crude  o i l  were sepa ra t e ly  d isso lved  i n  25-ml 60/80 petroleum e t h e r ,  
and any in so lub le  r e s i d u e  w a s  removed by cen t r i fug ing .  Each o i l  w a s  s epa ra t e ly  
e lu t ed  on a s i l i c a  g e l  column, us ing  t h e  following e l u t i o n  p r o f i l e :  

The 

Aproximately 2.0 g of s h a l e  o i l ,  syn tho i l ,  

Frac t ion  
1 
2 
3 
4 
5 
6 
7 

E luent  
200-ml petroleum e t h e r  
200-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
200-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
400-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
400-ml methylene c h l o r i d e  
400-ml 10% methanol in methylene c h l o r i d e  
400-ml methanol 

Following e l u t i o n  and r educ t ion  i n  volume of each of t h e  f r a c t i o n s  by Kuderna- 
Danish evapora t ion ,  1% of each f r a c t i o n  w a s  used t o  de te rmine  t h e  weight of material 
i n  each f r a c t i o n  a f t e r  complete evaporation of t h e  so lven t  by t h i s  procedure.  Thus, 
t h e  weight of material p r e s e n t  i n  each f r a c t i o n  was ca l cu la t ed  t o  be  as follows: 

Weight of Ma te r i a l  (9) i n  Each LC Frac t ion  

Petroleum 
Ether Or ig ina l  

1 2 3 4 5 6 7  Inso lub le  Sample 
Shale  O i l  0.50 0.37 0.12 0.06 0.19 0.50 0.10 0.06 2.00 
Prudhoe Bay 0.81 0.43 0.11 0.04 0.06 0.07 0.02 0.08 2 .01  
Syn tho i l  0.13 0.46 0.21 0.04 0.15 0.18 0.06 0 .81  2.02 

a 
II 
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Previous knowledge of t h e  type  of organic  compounds which are t y p i c a l l y  observed in 
t h e  f r a c t i o n s  of t h i s  LC sepa ra t ion  scheme permi ts  t h e  fo l lowing  in t roduc to ry  obser- 
va t ions .  

(1) The hydrocarbon content  of s h a l e  o i l  i s  somewhat similar t o  Prudhoe Bay Crude, 
wi th  s l i g h t l y  lower a l i p h a t i c  con ten t .  There are s u b s t a n t i a l l y  l a r g e r  quanti-  
ties of h igh ly  po la r  materials i n  s h a l e  o i l .  

Synthoi l  con ta ins  f a r  less a l i p h a t i c  hydrocarbons than  e i t h e r  shale o i l  o r  
Prudhoe Bay crude; i t s  hydrocarbon con ten t  be ing  l a r g e l y  aromatic.  
l e s s  po lar  materials than  s h a l e  o i l ,  bu t  more than  Prudhoe Bay crude  o i l .  

(2) 
It conta ins  

FTIR ana lys i s  of a t h i n  f i lm  of material from each f r a c t i o n  w a s  subsequently 
ca r r i ed  ou t ;  t h e  r e s u l t s  are summarized below ( sha le  o i l  = SH, s y n t h o i l  = SY, and 
Prudhoe Bay crude  o i l  = PR). 

Frac t ion  1 

Frac t ions  from a l l  t h r e e  o i l s  contained s a t u r a t e d  a l i p h a t i c  hydrocarbons; s h a l e  o i l  
showed some evidence of o l e f i n s .  The degree  of branching of t h e  hydrocarbon chains 
is given by 

CH3ICH2 SH > PR > SY. 

Frac t ion  2 

Frac t ions  from a l l  t h r e e  o i l s  were l a r g e l y  s a t u r a t e d  a l i p h a t i c  hydrocarbons,  wi th  
some evidence f o r  aromatic hydrocarbons. GC-MS a n a l y s i s  subsequently showed t h a t  
t h e  aromatic compounds present  were a l k y l  benzenes and a l k y l  naphtha lenes  i n  a l l  
cases.  
as shown by t h e  CH3/CH2 r a t i o  

Again s h a l e  o i l  was shown t o  con ta in  t h e  most h igh ly  branched hydrocarbons, 

CH3/CH2 SH >> PR > SY. 

Synthoi l  con ta ins  s u b s t a n t i a l l y  more aromatic hydrocarbons than e i t h e r  s h a l e  o i l  o r  
Prudhoe Bay crude  o i l  

Aromaticity SY >> SH = PR. 

Frac t ion  3 

Shale o i l  and Prudhoe Bay crude  exh ib i t ed  cons ide rab le  s a t u r a t e d  hydrocarbon chain,  
w i th  some aromatics.  Syn tho i l  showed evidence of l a r g e  amounts of aromatic com- 
pounds. Prudhoe Bay crude  o i l  showed evidence of aldehydes o r  ke tones ,  whi le  sha le  
o i l  add i t iona l ly  showed small evidence of hydroxy compounds. The degree  of hydro- 
carbon cha in  branching and a romat i c i ty  are g iven  by 

CH~/CHZ 
Aromaticity SY >>> PR > SH. 

SH > PR >> SY 

Frac t ion  3 w a s  add i t iona l ly  sub jec t  t o  GC-MS a n a l y s i s  i n  a l l  c a s e s ,  and t h e  d i s t r i -  
bu t ion  of polynuclear aromatic hydrocarbons (PAH) i n  each o i l  w a s  e s t ab l i shed  (see 
l a t e r ) .  

Frac t ion  4 

A l l  t h ree  o i l s  showed evidence f o r  hydroxy and carbonyl  compounds, i n  a d d i t i o n  t o  
s t rong  ind ica t ions  of bo th  a l i p h a t i c  and aromatic hydrocarbons. 
Prudhoe Bay crude  both  showed cons iderably  less aromat ic  con ten t  t han  s y n t h o i l ,  
which i n  t u r n  showed f a r  less evidence of branched hydrocarbon cha ins .  Sha le  o i l  
showed s u b s t a n t i a l l y  more hydroxy and carbonyl  compounds than  t h e  o the r  o i l s .  

Sha le  o i l  and 
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CH3/CH2 PR > SH >> SY 
Aromaticity SY >>> PR > SH 
OH SH >> PR > SY 
c=o SH >> PR > SY 

Fract ion 5 

Sha le  o i l  and Prudhoe Bay crude both con ta in  cons ide rab le  s a t u r a t e d  a l i p h a t i c  
hydrocarbons and some aromatic  hydrocarbons; bo th  c o n t a i n  t r a c e s  of hydroxy com- 
pounds and l a r g e r  amounts of carbonyl  compounds. 
going, s y n t h o i l  c o n t a i n s  cons ide rab le  q u a n t i t i e s  of aromatic  hydrocarbons, and 
most probably amines and a c i d  salts. 

I n  a d d i t i o n  t o  a l l  of t h e  fore- 

Aromatics SY >>> PR > SH 
C H ~ / C H Z  
c=o SH = PR >> SY 
OH SY >> S H  > PR. 

SH = PR > SY 

Fract ion 6 

A l l  t h ree  o i l s  showed evidence f o r  s a t u r a t e d  hydrocarbons,  but  onljj s y n t h o i l  show- 
i n g  s i g n i f i c a n t  a romat i c i ty .  
o i l  but s y n t h o i l  showed a d d i t i o n a l  evidence f o r  a c i d  s a l t s  and su l fona te s .  The 
FTIR ana lys i s  of each f r a c t i o n  may b e  summarized a s  fol lows:  

Aromaticity SY >>> PR = SH 
CH3/CHz 
OH PR > SY > SH 
c=o SH >> PR >> SY. 

Phenols and carbonyl  compounds w e r e  ev iden t  i n  each 

SY >> PR > SH 

F rac t ion  7 

In add i t ion  t o  s a t u r a t e d  a l i p h a t i c  hydrocarbons i n  a l l  o i l s ,  t h e r e  was evidence for 
phenols and carbonyl  compounds i n  each f r a c t i o n .  
evidence of moderate s u l f o n a t e  con ten t ,  while  amine and amine salts were evident  i n  
s h a l e  o i l .  

Syn tho i l  a d d i t i o n a l l y  showed 

The ana lyses  may be summarized 

C H ~ / C H Z  PR > SH > SY 
OH SY > PR > SH 
c=o PR = S H  > SY. 

Summary of FTIR Analyses 

The FTIR a n a l y s i s  of each LC f c a c t i o n  of s h a l e  o i l ,  s y n t h o i l  permits  some general  
observat ions to  be  made regarding these f u e l s .  Syn tho i l  is by f a r  t he  most aromatic 
i n  cha rac t e r  and s h a l e  o i l  e x h i b i t s  t h e  g r e a t e s t  ex ten t  of branching i n  t h e  al iphat-  
i c  s i d e  chains .  Sha le  o i l  con ta ins  t h e  g r e a t e s t  p ropor t ion  of carbonyl compounds, 
w i th  s y n t h o i l  con ta in ing  t h e  l e a s t .  
l e s s e r  e x t e n t  amino compounds, i n  s i m i l a r  amounts to  each o the r .  

These gene ra l  f i n d i n g s  may be b r i e f l y  summarized a s  fol lows:  

Each of t h e  o i l s  con ta ins  phenols,  and t o  a 

Aromatic Content of F rac t ion  

2 SY >> PR 2 SH 
3 SY >>> PR > SH 
4 SY >>> PR > SH 
5 SY >>> PR > SH 
6 SY >>> PR = SH. 

F rac t ion  

II 
I 
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CH?/CH? Rat io  by F rac t ion  

F rac t ion  
1 SH > PR > SY 
2 SH >> PR > SY 
3 SH > PR >> SY 
4 PR > SH >> SY 

6 SY >> PR > SY 
7 PR > SH > SY 

OH o r  NH Content by F rac t ion  

5 SH = PR > SY 

F rac t ion  

C=O Content by F rac t ion  
F rac t ion  

3 SH = PR 
4 SH >> PR SY 
5 SH = PR >> SY 
6 SH >> PR >> SY 
7 SH = PR > SY 

Polycycl ic  Aromatic Hydrocarbon (PAH) 
Analysis by GC-MS 

Fract ion 3 i n  a l l  c a s e s  w a s  shown t o  con ta in  PAH compounds with molecular weight 
d i s t r i b u t i o n  between 150 and 400. 
number of methyl isomers using t h e  i o n  c u r r e n t  i n t e g r a t i o n  technique( ') ,  bu t  due t o  
the  u n a v a i l a b i l i t y  of s u f f i c i e n t  s tandard r e fe rence  m a t e r i a l s  t h e  i o n i z a t i o n  e f f i -  
c i enc ie s  of t h e  methyl isomers were assumed t o  be  equal  t o  t h e  pa ren t  PAH compound 
i n  every case.  
grammed from 100 t o  340 C a t  4-1 C min-l. Mass s p e c t r a  were obtained using a 
Finnigan 3200 quadrupole mass spectrometer  with a chemical i o n i z a t i o n  source.  
Data handling w a s  accomplished with a D i g i t a l  PDP8 mini-computer. 

I n  abso lu t e  terms, s y n t h o i l  was est imated t o  con ta in  at l e a s t  10 t imes more PAH 
than e i t h e r  s h a l e  o i l  o r  Prudhoe Bay crude o i l ,  by measurement of t h e  spec ie s  
reported i n  Table 1. 

Quan t i t a t ive  measurements w e r e  made on a l a r g e  

Separat ion was achieved using a 6' 1 percent  OV-101 column, pro- 

PAH Content SY > PR 2. SH 

The r e l a t i v e  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  of methyl isomers of s e v e r a l  PAH 
compounds a r e  shown i n  Table 1. Shale  o i l  e x h i b i t s  a very d i s t i n c t i v e  p a t t e r n  
among a l l  of t h e  PAH methyl isomers observed, i n  t h a t  t h e  m a x i m u m  abundance usual ly  
occurs f o r  t h e  f i v e  o r  s i x  methyl compound. Prudhoe Bay crude o i l  is somewhat 
s i m i l a r  t o  s h a l e  o i l ,  and gene ra l ly  e x h i b i t s  a maximum abundance of t h e  methyl 
isomers a t  t h e  f o u r  methyl compound on t h e  average. Syn tho i l  on t h e  o the r  hand 
shows a much lower tendency t o  con ta in  a high proport ion of very highly methylated 
spec ie s ;  t he  average most abundant methyl PAH i n  t h i s  f u e l  being t h e  dimethyl 
compound, or  smaller. This methyl isomer d i s t r i b u t i o n  is undoubtedly use fu l  i n  
f i n g e r p r i n t i n g  d i f f e r e n t  types of o i l .  However, t h e  p o t e n t i a l  environmental  impact 
of few methyl groups o r  many is  not  c l e a r .  While i t  i s  t r u e  t h a t  t h e  a d d i t i o n  of 
one o r  two methyl groups t o  a PAH nucleus tends t o  make t h e  r e s u l t a n t  molecule more 
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hazardous from a h e a l t h  s t andpo in t ,  t h e  a d d i t i o n  of a l a r g e  number of methyl groups 
could p o t e n t i a l l y  b e  d e s i r a b l e  from t h e  s t andpo in t  of a reduced h e a l t h  r i s k  and 
poss ib ly  increased  b i o d e g r a d a b i l i t y  and photooxida t ion  in t h e  environment. (2) 
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(2) Polynuclear Aromatic Hydrocarbons: Chemistry, Metabolism, and Carcinogenesis,  
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TABLE 1. RELATIVE DISTRIBUTION OF PAH METHYL ISOMERS I N  SHALE O I L  (SH), 
SYNTHOIL (SY), AND PRUDHOE BAY CRUDE O I L  (PR) 

%! 
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$ 2  
\ z z 

\ c i a  m o o  
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Methyl 
Groups 0 1 2 3 4  5 6 7 8 9 10 

SH 1.00 1.82 2.38 3.00 2.41 2.92 3.06 2.22 1.70 1.18 1.77 

1 . 0 0 1 . 1 1 2 . 2 1 2 . 0 4 1 . 7 1  1.04 0.56 0.29 0.13 0.04 0.02 

PR 1.00 1.98 1.47 0.75 0.92 0.10 0.39 0.14 0.01 0.04 0.02 

SH 1.00 3.08 4.08 5.86 5.42 9.92 13.9 12.5 11.2 11.9 -- 
SY 1.00 0.57 0.28 0.51 0.39 0.30 0.17 0.10 0.06 0.03 -- 

7.72 4.19 2.75 1.89 -- -- PR 1.00 3.89 4.86 9.06 - 

SH 1.00 1.47 2.39 7.07 8.92 9.03 9.08 7.44 7.25 6.15 5.46 

SY 1.00 3.24 2.64 2.27 2.18 1.49 1.13 0.60 0.24 0.04 -- 
_- -- 1.00 1.57 3.68 4.14 3.38 3.11 2.68 1.57 -- 

Z S H  1.00 2.46 3.35 4.41 4.54 4.57 3.50 3.30 1.98 1.76 0.70 

SY 1.00 0.95 1.24 1.20 1.15 0.71 0.37 0.17 0.03 -- -- 
_- -- PR 1.00 2.82 4.05 4.23 5.05 3.73 1.59 0.82 -- 
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SB 1.00 1.77 2.96 3.54 7.27 5.73 6.35 5.27 4.58 3.46 2.58 

SY 1.00 2.25 2.86 3.30 5.50 4.29 2.64 0.86 0.23 -- -- 
_- -- C P R  1.00 3.93 8.61 7.54 20.1 17.83 11.66 5.66 -- 

SH 1.00 1.50 2.21 -- 2.10 -- 2.11 -- 2.13 2.04 1.79 

F S Y  1.00 0.90 0.53 0.62 0.72 0.34 -- -- -- -- -- 
_- -- -- __ PR 1.00 3.78 2.33 -- 1.73 1.16 -- 
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TABLE 1. (Continued) 
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SH 1.00 4.60 -- 6.44 6.67 6.69 -- 6.60 -- 6.16 5.04 
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S P R  1.00 1.42 2.36 5.69 3.61 2.35 0.47 -- -- -_ -- 
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FRACTIONATION OF SOLUBLE EXTRACTS OBTAINED FROM KEROGEN THERMAL 
DEGRADATION WITH CO AND H20 

Shuang-Ling Chong, J. J. Cummins, and W. E. Robinson 

U.S. Energy Research and Development Admin i s t ra t i on  
Caramie Energy Research Center, Laramie, Wyoming 82071 

INTRODUCTION 

Various techniques (1, L, 3)' have been developed f o r  t he  convers ion of  
o i l - s h a l e  kerogen t o  usable products. Each technique o f  convers ion produces a 
d i f f e r e n t  product  w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s .  The thermal degradat ion of 
o i l - s h a l e  kerogen i n  the  presence o f  carbon monoxide and water  has been s tud ied  
a t  the Laramie Energy Research Center (i, 5). 
t h a t  more kerogen i s  conver ted to  a benzene-methanol s o l u b l e  e x t r a c t  a t  
temperatures below 500" C than i s  conver ted t o  o i l  by d r y  r e t o r t i n g .  Because 
t h i s  reac t i on  appears t o  have some p o t e n t i a l  advantages (5) over o t h e r  con- 
ve rs ion  methods, i t  i s  d e s i r a b l e  t o  i n v e s t i g a t e  t h e  so lub le  e x t r a c t s  ob ta ined  
from t h i s  reac t i on .  

I t  was shown from t h i s  study 

This s tudy was conducted t o  determine t h e  types o f  compounds present  i n  
t h e  so lub le  e x t r a c t s  t h a t  represent  as much as 90 percent  o f  t he  kerogen i n  
Green River  o i l  shale. Th is  was accomplished by separat ing the  s o l u b l e  ex- 
t r a c t s  i n t o  ac id ,  base, n e u t r a l  n i t r o g e n ,  n-alkane, branched p l u s  c y c l i c ,  
aromatic, and cyc lohexane- insolub le f r a c t i o n s  by t h e  es tab l i shed  method. The 
method was used t o  compare t h e  amount o f  each f r a c t i o n  produced under va r ious  
r e a c t i o n  c o n d i t i o n s  where t h e  temperature was v a r i e d  from 300" t o  450' C and 
t h e  t ime was v a r i e d  from 0.25 t o  6 hours a t  charged C O  pressure o f  1,000 ps ig .  

Because most o f  t he  e x t r a c t s  showed ve ry  l i t t l e  s o l u b i l i t y  i n  n-pentane, 
the prev ious separat ion method used f o r  t h e  n a t u r a l  bitumen i n  t h i s  l abo ra to ry  
(6 - 8) was n o t  a p p l i c a b l e  and another  technique had t o  be used. The mod i f i ed  
method incorporated the  uses o f  i o n  exchange r e s i n s  f i r s t  suggested by Munday 
and Eaves (2) and some o f  t h e  techniques developed by Jewel1 (E) t o  remove the  
ac id ,  base, and n e u t r a l  n i t r o g e n  f r a c t i o n s .  The hydrocarbon f r a c t i o n s  were 
separated i n t o  n-alkane, branched p l u s  c y c l i c  alkane, and aromat ic  f r a c t i o n s  by 
us ing  molecular  s ieves as descr ibed by O'Connor and o the rs  (E) and s i l i c a - g e l  
chromatography. 

The s o l u b l e  e x t r a c t s  obta ined from each o f  t h e  t ime-temperature t e s t s  were 
f r a c t i o n a t e d  by t h e  separa t i on  techniques. Because o f  t h e  s i m i l a r i t y  o f  t h e  
data, on l y  a l i m i t e d  number of  these separat ions w i l l  be discussed i n  t h i s  
repor t .  For eva lua t i on  and comparison o f  t he  so lub le  e x t r a c t s  ob ta ined  by 
thermal degradat ion o f  kerogen i n  the  presence o f  CO and H20 w i t h  o t h e r  o i l -  
shale degradat ion products ,  t h r e e  shale o i l s  (I-, 2, l) obta ined by d i f f e r e n t  
conversion methods were f r a c t i o n a t e d  by t h e  same separa t i on  technique. 
component d i s t r i b u t i o n  o f  t he  s o l u b l e  e x t r a c t s  w i l l  be discussed r e l a t i v e  t o  t h e  
shale o i l s .  

The 

I Under l ined numbers i n  parentheses r e f e r  t o  i tems i n  the  l i s t  o f  re ferences a t  
t he  end o f  t h i s  r e p o r t  
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I t  was found t h a t  below 375" C t h e  f r a c t i o n  amounts 'bf t h e  so lub le  e x t r a c t s  
were s i g n i f i c a n t l y  d i f f e r e n t  from those obta ined f rom the th ree  shale o i l s  and 
t h a t  t h e  temperature or t h e  t ime  o f  r e a c t i o n  had l i t t l e  e f f e c t  upon the amount 
o f  each f r a c t i o n .  A t  400" and 450" C ,  t h e  f r a c t i o n  amounts o f  t he  so lub le  
e x t r a c t s  changed w i t h  increase i n  temperature and a t  450" C t h e  s o l u b l e  e x t r a c t s  
resembled t o  some degree t h e  shale o i l s .  

EXPERIMENTAL 

Mate r ia  1 s 

IRA-904 an ion  r e s i n 2 ,  A - 1 5  c a t i o n  r e s i n  (Rohm and Haas Company) and f e r r i c  
c h l o r i d e  supported on c lay  were prepared and e x t r a c t e d  s i m i l a r  t o  t h e  procedures 
described by Jewel1 (2). 

S i l i c a  ge l  (grade 12, 28-200 mesh, Davison Chemical Co.) was a c t i v a t e d  a t  
200" C f o r  24 hours and 5A molecular  s ieve (Matheson, Coleman, and B e l l )  was 
a c t i v a t e d  a t  250' C f o r  24 hours. 

N-pentane (99 percent ,  Phi 1 1  i ps  Petroleum) and 1,2 d ich loroethane (reagent 
grade, Eastman Chemical Co.) were p u r i f i e d  by f l a s h  d i s t i l l a t i o n  and by perco- 
l a t i o n  through a c t i v a t e d  s i l i c a  ge l .  Benzene, ch loroform,  methanol (reagent 
grade, J. T. Baker) ,  and cyclohexane (99.5 percent ,  P h i l l i p s  Petroleum) were 
f l a s h  d i s t i l l e d .  The isopropylamine (reagent grade, J. T. Baker) and a c e t i c  
a c i d  (reagent grade, Eastman Chemical Co.) were used as received. Isooctane 
(99 percent, P h i l l i p s  Petroleum) was p u r i f i e d  by p e r c o l a t i o n  through an ac- 
t i v a t e d  5 A  molecular  sieve. 

Samples o f  Solub le E x t r a c t s  

The s o l u b l e  e x t r a c t s  were obta ined f rom t h e  thermal convers ion o f  Green 
River o i l - s h a l e  kerogen i n  the presence o f  carbon monoxide and water  as described 
by Cumins,  e t  a l .  (4 ) .  The o i l - s h a l e  samples were heated a t  temperatures from 
300" to  450" C f o r  07125 t o  6 hours a t  charged C O  pressure o f  1,000 ps ig.  
so lub le  e x t r a c t s  were obta ined by t r e a t i n g  t h e  products  o f  t h e  CO-H20 r e a c t i o n  
i n  benzene and methanol. 

The 

F r a c t i o n a t  ion Procedure 

The f r a c t i o n a t i o n  scheme i s  shown i n  d e t a i l  i n  f i g u r e  1 and i s  e s s e n t i a l l y  
t he  same a s  t h e  one used by D .  M. Jewe l l ,  e t  a l .  (IO). Since the  s o l u b l e  ex t rac ts  
obta ined from CO-H20 r e a c t i o n  w i t h  kerogen were genera l l y  p o l a r ,  i t  was necessary 
t o  use cyclohexane r a t h e r  than n-pentane as a so l ven t  and t o  use a c i r c u l a t i n g  
system f o r  a l l  a c i d  and base f r a c t i o n s  t o  be removed from the e x t r a c t s  by IRA- 
904 anion r e s i n  and A-15 c a t i o n  res in .  The s o l u t i o n  con ta in ing  t h e  a c i d  and 
base components t o  be removed was c i r c u l a t e d  cont inuously  over the  r e s i n  bed 
f o r  2 4  hours by a pumping system. 
t i ons  from the r e s i n s  were obtained. 
t o  separate t h e  a c i d  and base-free f r a c t i o n  i n t o  hydrocarbon and n e u t r a l  n i t rogen  
f rac t i ons .  The hydrocarbon f r a c t i o n  was then separated i n t o  n-alkane, branched 
p lus  c y c l i c  a lkane,  and aromat ic  f r a c t i o n s  by us ing  s i l i c a - g e l  chromatography and 
mol ecu I a r  s ieves. 

E x c e l l e n t  recove r ies  of  a c i d  and base f r a c -  
F e r r i c  ch lo r i de -A t tapu lgus  c l a y  was used 

Reference t o  s p e c i f i c  t rade  names o r  manufacturers does no t  imply endorsement 
by t h e  Energy Research and Development Admin i s t ra t i on .  
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A l l  f r a c t i o n s  obta ined were f reed  o f  so l ven t  and then d r i e d  under reduced 
pressure a t  60" C and weighed. By u s i n g  the va r ious  f r a c t i o n a t i o n  techniques 
t h e  average recovery of t h e  s o l u b l e  e x t r a c t  amounted t o  m r e  than 90 percen t .  
A l l  data shown was normalized to 100 percent .  

Cyclohexane-insoluble f r a c t i o n  

Approximately 2 g o f  t he  benzene-methanol s o l u b l e  e x t r a c t  was heated and 
s t i r r e d  w i t h  200 m l  o f  cyclohexane a t  80" C f o r  1 hour. A f t e r  c o o l i n g  t o  room 
temperature, t he  m ix tu re  was f i l t e r e d .  The cyc lohexane- insolub le f r a c t i o n  was 
washed w i t h  f r e s h  cyclohexane u n t i l  t he  so l ven t  became c l e a r .  

Ac id f r a c t i o n  

The cyclohexane-soluble f r a c t i o n  was red i sso l ved  i n  cyclohexane and Slowly 

The a c i d - f r e e  f r a c t i o n  was t r a n s f e r r e d  t o  a f l a s k  and 
pumped through t h e  anion r e s i n  f o r  24 hours. 
p a r t  o f  sample was used. 
the  r e s i n  was washed w i t h  f r e s h  cyclohexane. 

A r a t i o  o f  7 p a r t s  o f  r e s i n  t o  1 

The t o t a l  a c i d  f r a c t i o n  was recovered from t h e  r e s i n  by 2 percent  o f  
a c e t i c  a c i d  i n  benzene w i t h  Soxhlet  e x t r a c t i o n  f o r  24 hours. 

Base f r a c t i o n  

The technique and t h e  amount of r e s i n  used t o  remove t h e  base f r a c t i o n  
from the a c i d - f r e e  f r a c t i o n  were t h e  same as f o r  t h e  removal o f  t h e  a c i d  
f r a c t i o n .  The base f r a c t i o n  was recovered from A - 1 5  c a t i o n  r e s i n  by 8 percent  
isopropylamine i n  benzene and methanol w i t h  Soxhlet  e x t r a c t i o n  f o r  24 hours. 

Neutra l  n i t r o g e n  and hydrocarbon f r a c t i o n s  

F ive p a r t s  o f  IRA-904 anion r e s i n  t o  1 p a r t  sample were packed i n t o  a 
column and 7 p a r t s  o f  f e r r i c  ch lo r i de -A t tapu lgus  c l a y  m i x t u r e  t o  1 p a r t  sample 
were packed on t h e  top  o f  t he  r e s i n  w i t h  a g lass  wool p lug  i n  between t h e  two 
mate r ia l s .  The ac id -  and base- f ree f r a c t i o n  was d i sso l ved  i n  pentane and then 
perco lated s low ly  downward through t h e  column. The hydrocarbon f r a c t i o n  was 
obta ined by pentane e l u t i o n  and the  n e u t r a l  n i t r o g e n  f r a c t i o n  was desorbed from 
the  column by e l u t i o n  w i t h  1,2 d ich loroethane.  

Alkane and aromat ic  f r a c t i o n s  

Two hundred g o f  a c t i v a t e d  s i l i c a  ge l  t o  1 g o f  hydrocarbon f r a c t i o n  were 
packed i n t o  a column and the  hydrocarbon f r a c t i o n  d i sso l ved  i n  pentane was 
charged t o  the  column. 
Chloroform was used t o  d e a c t i v a t e  t h e  column and t h e  aromat ic  f r a c t i o n  was 
removed by e l u t i o n  w i t h  methanol. 

Branched p l u s  c y c l i c  a lkane and n-a lkane f r a c t i o n s  

The a lkane f r a c t i o n  was obta ined by e l u t i o n  w i t h  pentane. 

The alkane f r a c t i o n  obta ined f rom t h e  s i l i c a - g e l  column was d i s s o l v e d  i n  
isooctane (I00 ml f o r  0.2 g o f  sample) and 20 p a r t s  of  5A molecular  s ieves t o  1 
p a r t  sample were added t o  the  s o l u t i o n .  The s o l u t i o n  was r e f l u x e d  f o r  24 hours 
then f i l t e r e d .  The branched p l u s  c y c l i c  alkane f r a c t i o n  was ob ta ined  by d r y i n g  
t h e  f i l t r a t e  o f  t h i s  s o l u t i o n .  
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The molecular  s ieves  were e x t r a c t e d  w i t h  benzene and methanol f o r  24 hours 
i n  order  t o  remove any t races  o f  p o l a r  m a t e r i a l s .  
recovered from t h e  mo lecu la r  sieves by decomposing the  s ieves w i t h  HF i n  ben- 
zene. 
obtained. 

The n-a lkane f r a c t i o n  was 

Gas chromatograms o f  t h e  n-a lkane f r a c t i o n s  o f  t h e  se lected samples were 

Gas Chromatography 

A l l  gas chromatographic r e s u l t s  were obta ined on a Hewlett-Packard Model 
700 gas chromatograph equipped w i t h  a the rmoconduc t i v i t y  de tec to r  us ing  a 50 f t  
SE-30 SCOT column programmed from 100' t o  275" C a t  SO/min w i t h  a he l i um f l o w  
o f  5 cdmin .  

RESULTS AND D I S C U S S I O N  

The weight  pe rcen ts  o f  kerogen conver ted and t h e  elemental analyses of the 
so lub le  e x t r a c t s  f o r  1 hour r e a c t i o n  t ime a t  v a r i o u s  temperatures a r e  shown i n  
t a b l e  1 .  From these da ta  i t  appears t h a t  t h e  s o l u b l e  e x t r a c t s  prepared a t  

TABLE 1 .  - Weight percent  o f  kerogen conver ted and elemental analyses 
of t h e  s o l u b l e  e x t r a c t s  

Time, Kerogen converted, Weight-percent o f  t o t a l  I H/C 
Temp., " C  h r s  weight -percent  C H N S d r a t i o  

300 I 26.2 83.4 10.8 1 .3  0.7 3.8 1.6 
82.6 1 1 . 0  1.3 0.9 4.2 1.6 325 1 29.9 
81.1 10.9 1 . 2  0.5 6.3 1.6 350 1 31.3 

375 1 46.8 83.6 1 1 . 3  1.5 0.5 3 . 1  1.6 
400 1 76.9 82.1 1 1 . 1  1.7 0.3 4.8 1.6 

I 93.9 83.3 1 1 . 5  1.4 0.4 3.4 1.7 
425 450 I 97.9 83.4 10.5 2.7 0.5 2.9 1 .5  

1 Oxygen was determined by d i f f e r e n c e .  

d i f f e r e n t  temperatures do n o t  d i f f e r  s i g n i f i c a n t l y  i n  elemental contents .  The 
weight  percent  o f  kerogen conver ted v a r i e d  from 26.2 t o  97.9 as temperatures 
increased from 300" t o  450" C. 

E f f e c t  o f  temperature 

Seven s o l u b l e  e x t r a c t s  ob ta ined  a t  300", 325", 350", 375" ,  400", 425", and 
450" C f o r  1 hour r e a c t i o n  t ime  were f r a c t i o n a t e d  t o  determine t h e  e f f e c t  o f  
r e a c t i o n  temperature upon t h e  composi t ion of each e x t r a c t .  
shown in  f i g u r e  2. Below 375" C t h e  composit ions o f  each e x t r a c t  remain f a i r l y  
constant. Apparen t l y  t h e  a c i d  and the  base f r a c t i o n s  a r e  f a i r l y  s t a b l e  a t  t h i s  
temperature range and do  no t  undergo d r a s t i c  changes. The p o l a r  m a t e r i a l s  
which a r e  the  sum o f  a c i d ,  base, and n e u t r a l  n i t r o g e n  f r a c t i o n s  represent  about 
65 percent  o f  t h e  s o l u b l e  e x t r a c t .  
f r a c t i o n s  decrease r a p i d l y  whereas t h e  r e l a t i v e  amounts o f  base and hydrocarbon 
f r a c t i o n s  increase. 
groups that. presumably decarboxy late t o  g i ve  a d d i t i o n a l  bases and hydrocarbons a t  
h ighe r  temperatures. 
about I t o  2 percent  and apparen t l y  a r e  no t  a f f e c t e d  by temperature. 

These r e s u l t s  a r e  

Above 375" C ,  t h e  r e l a t i v e  amounts o f  a c i d  

Th is  suggests t h a t  t he  a c i d  f r a c t i o n s  cons is t  o f  b i f u n c t i o n a l  

The concen t ra t i ons  of  n e u t r a l  n i t r o g e n  f r a c t i o n s  remain 
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F igu re  3 shows the  d i s t r i b u t i o n  o f  t h e  n-alkane, t h e  branched p l u s  c y c l i c  
alkane, and the  aromat ic  f r a c t i o n s .  The increase i n  concen t ra t i on  i n  each f r a c -  
t i o n  shows tha t  more thermal degradat ion o f  &he h igher-molecular -weight  kerogen 
t o  the  lower-molecular-weight hydrocarbons occurs a t  h i g h  temperatures. 
r e l a t i v e  d i s t r i b u t i o n  o f  the va r ious  hydrocarbon components remains f a i r l y  
constant  showing t h a t  they a re  formed a t  approx imate ly  t h e  same ra te .  

The 

Ef fect  o f  r e a c t i o n  t ime  

The r e l a t i o n s h i p  o f  f r a c t i o n  amounts o f  t he  so lub le  e x t r a c t s  t o  r e a c t i o n  
t ime  a t  300" C i s  shown i n  f i g u r e  4. I t  i s  obvious t h a t  the component d i s t r i -  
b u t i o n  does no t  change apprec iab l y  w i t h  t ime  o f  hea t ing  a t  300" C and t h e  amount 
o f  each f r a c t i o n  i s  independent o f  t he  t ime o f  heat ing.  

The f r a c t i o n  amounts o f  t h e  s o l u b l e  e x t r a c t s  prepared a t  450" C shown i n  
f i g u r e  5 a r e  almost t ime independent. Th i s  f i g u r e  i s  broken i n t o  two sec t i ons  
f o r  c l a r i t y .  There i s  a s l i g h t  decrease o f  cyc lohexane- insolub le f r a c t i o n s  and 
a s l i g h t  increase o f  hydrocarbon f r a c t i o n s .  Th is  i s  probably  due t o  t h e  f a c t  
t h a t  as the  r e a c t i o n  t ime  increases a t  450" C ,  t he  cyc lohexane- insolub le f r a c -  
t i o n s ,  presumably w i t h  h igh-molecular -weight ,  s t a r t  t o  degrade t o  hydrocarbons. 
These changes a r e  n o t  d r a s t i c .  I t  can be observed t h a t  t he  r e l a t i v e  amounts o f  
t h e  f r a c t i o n s  of t h e  so lub le  e x t r a c t s  a re  no t  a f f e c t e d  s i g n i f i c a n t l y  by r e a c t i o n  
t ime  a t  450" C. 

Comparison w i t h  shale o i l s  

Because the re  i s  some i n d i c a t i o n  t h a t  t he  CO-H 0 r e a c t i o n  w i t h  o i l  shale 2 may have some advantages as a process r e a c t i o n  over  o t h e r  methods o f  thermal 
degradat ion,  i t  i s  d e s i r a b l e  t o  compare t h e  s o l u b l e . e x t r a c t s  ob ta ined  by t h e  C O -  
H O r e a c t i o n  w i t h  sha le  o i l s .  This comparison i s  shown i n  t a b l e  2. The so lub le  2 

TABLE 2 .  - Comparison between t h e  s o l u b l e  e x t r a c t s  from CO-H,O 
r e a c t i o n  and shale o i l s  

Weight-percent o f  t o t a l  
Sample Neut r a  I Cyc 1 ohexane- 

n i t r o g e n  i nsol ub I e 
Acid f r a c t i o n s  Base f r a c t i o n s  f r a c t i o n s  Hydrocarbons f r a c t i o n s  

Soluble e x t r a c t  

Solub le e x t r a c t  
a t  375" C I  50.3 12.6 1.5 17.7 17.9 

So lub le  e x t r a c t  
a t  450" C 1  24.5 23.2 1.3 38.4 12.6 

I n  s i t u  shale 
o i l  (Rock 
Springs) 16.9 14.4 0.7 58.4 . 9.6 

Gas combustion 
shale o i l  19.9 26.3 2.1 44.6 7.1 

150-ton r e t o r t  

a t  300" C '  54.4 12.6 1.4 18.8 12.8 

shale o i l  13.5 20.5 - 2 . 1  55.7 8.2 
A t  1 h r  r e a c t i o n  t ime.  
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e x t r a c t s  from t h e  300" t o  375" C t e s t s  were very  p o l a r  and conta ined only about 
20 percent hydrocarbons. 
carbons were produced, presumably because o f  more thermal c rack ing .  
t h e  hydrocarbon f r a c t i o n s  represented 38.4 percent  o f  the  t o t a l  e x t r a c t  which 
approximated t h e  amount o f  hydrocarbons i n  t h e  t h r e e  shale o i l s  chosen f o r  t h i s  
comparison. In genera l ,  t h e  t h r e e  shale o i l s  ( i n  s i t u  shale o i l  from S i t e  4, 
Rock Springs; gas combustion sha le  o i l ,  and 150-ton r e t o r t  sha le  o i l )  a r e  less  
p o l a r  and c o n t a i n  r w r e  hydrocarbons than the  s o l u b l e  e x t r a c t s  from t h e  300" t o  
375" C ,  CO-H 0 r e a c t i o n  o f  kerogen. Th is  suggests t h a t  the l a t t e r  products 
have been sug jec ted  t o  less  thermal c r a c k i n g  and less  d e s t r u c t i v e  degradat ion.  
The s o l u b l e  e x t r a c t  ob ta ined  a t  450" C con ta ins  h igher  percentage o f  hydrocar-  
bon f r a c t i o n s  somewhat s i m i l a r  t o  the gas combustion shale o i l  and should be a 
s u i t a b l e  feedstock for  f u r t h e r  hydrocracking techniques. 

D i s t r i b u t i o n  o f  n-alkane f r a c t i o n s  o f  the e x t r a c t s  and n a t u r a l  bitumen 

As the temperature increased above 375" C ,  more hydro- 
A t  450" C 

The carbon-number d i s t r i b u t i o n  o f  the  n-alkanes i s  a good i n d i c a t o r  o f  the 
thermal h i s t o r y  o f  t h e  organ ic  m a t e r i a l  i n  Green R iver  o i l  shale.  The n a t u r a l  
bitumen and low-temperature thermal degradat ion  products show odd-even predom- 
inance (OEP) (12) of t h e  carbon numbers i n  t h e  C t o  C range. Extensive 
thermal degradat ion  causes a rearrangement o f  ca?Zon nu ibers  w i t h  a d r a s t i c  
decrease i n  t h e  odd-even predominance f o r  the  n-alkanes. 

F igure  6 shows t h e  n-a lkane d i s t r i b u t i o n  of the  s o l u b l e  e x t r a c t s  obtained 
a t  300", 350", 400", and 450" C for I hour r e a c t i o n  t ime and the n-a lkane 
d i s t r i b u t i o n  o f  t h e  benzene-soluble bitumen from a Mahogany zone o i l - s h a l e  
sample (Q). The change i n  d i s t r i b u t i o n  f rom 300" t o  450" C i n d i c a t e s  t h a t  
temperature has a s t r o n g  e f f e c t  on the  carbon-number d i s t r i b u t i o n  o f  n-alkanes. 
A t  300" C the n-a lkane d i s t r i b u t i o n  appears t o  be more l i k e  t h a t  o f  n a t u r a l  
bitumen where t h e  OEP o f  the  carbon number reaches f o u r  i n  t h e  C t o  C 
area. The n-alkane d i s t r i b u t i o n  ob ta ined a t  300" C may be p a r t l y  accoud!ed f o r  
by the presence o f  t h e  n a t u r a l  bitumen i n  the  raw o i l - s h a l e  samples used for 
t h e  t e s t s .  
shaped which i s  t h e  t y p i c a l  d i s t r i b u t i o n  f o r  thermal ly  degraded produc ts .  The 
OEP i s  about one i n d i c a t i n g  t h a t  t h e r e  i s  l i t t l e  o r  no odd-even predominance. 
Th is  shows t h a t  the s o l u b l e  e x t r a c t s  prepared a t  300" and 350" C f o r  I hour 
have n o t  been sub jec ted  t o  d r a s t i c  thermal a l t e r a t i o n  and should be s u i t a b l e  
products f o r  c o n s t i t u t i o n a l  study. 
s t r u c t u r e s  present  i n  t h e  o r i g i n a l  kerogen. 

29 

A t  450" C the  d i s t r i b u t i o n  o f  n-alkanes becomes more envelope 

Undoubtedly they conta in  many o f  t h e  basic 

CONCLUSION 

High recover ies  o f  the  v a r i o u s  f r a c t i o n s  show t h a t  t h i s  mod i f ied  separat ion 
method works w e l l  w i t h  the  high-molecular-weight and p o l a r  e x t r a c t s  f rom the 
CO-H 0 r e a c t i o n  o f  kerogen. The n-alkane d i s t r i b u t i o n  o f  t h e  s o l u b l e  e x t r a c t s  
prepared below 350" C shows t h a t  the  s o l u b l e  e x t r a c t s  have n o t  been sub jec ted  
t o  d r a s t i c  thermal degradat ion  and w i l l  be s u i t a b l e  samples f o r  composi t ional  
study. As temperature increases above 375" C ,  the  r e l a t i v e  amounts o f  a c i d  
f r a c t i o n s  decrease bu t  the  base and hydrocarbon f r a c t i o n s  increase. Th is  
ind ica tes  t h a t  t h e  increases i n  the  amounts o f  base and hydrocarbon f r a c t i o n s  
r e s u l t  from decomposi t ion o f  t h e  a c i d . f r a c t i o n  above 375" C. The r e a c t i o n  time 
has no e f f e c t  on t h e  r e l a t i v e  amount o f  each f r a c t i o n  a t  constant temperature 
from 300" t o  450" C f o r  0.25 to  6 h rs ,  w i t h  t h e  except ion  o f  hydrocarbons a t  
t h e  h ighes t  temperatures where a minor increase i n  amount i s  noted. 

2 
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Increase i n  temperature o f  t h e  CO-H20 r e a c t i o n  from 300" t o  450" C r e s u l t s  
As temperature o f  t h e  CO- i n  a change o f  t he  r e l a t i v e  amount o f  each f r a c t i o n .  

H O r e a c t i o n  i s  increased t o  450" C ,  t h e  so lub le  e x t r a c t  obta ined becomes more 
l i k e  a shale o i l  and should be a s u i t a b l e  feedstock f o r  f u r t h e r  hydrocrack ing,  
techniques. 
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PYROLYSIS O f  UTAH TAR SANDS--PRODUCTS AND KINETICS 

R .  V .  Barbour,  S. M. Dorrence, T. L .  Vo l lmer ,  and J. D. H a r r i s  

Laramie Energy Research Center 
Energy Research and Development A d m i n i s t r a t i o n  

P. 0. Box 3395, U n i v e r s i t y  S t a t i o n  
Laramie, Wyo. 82070 

INTRODUCTION 
I 

I 
Bitumen-impregnated sandstone, o r  t a r  sand, represents  an enormous wor ld  

hydrocarbon source, es t imated  a t  over one t r i l l i o n  b a r r e l s  of o i l  i n  p lace .  
Al though the  v a s t  m a j o r i t y  o f  t h i s  resource i s  found i n  the  d e p o s i t s  o f  western 
Canada and e a s t e r n  Venezuela, s i z e a b l e  p o r t i o n s ,  c u r r e n t l y  es t imated  a t  30 b i l l i o n  
ba r re l s ,  r e s i d e  i n  t h e  c o n t i n e n t a l  U.S.; most o f  t h i s  i s  l oca ted  i n  the  s t a t e  o f  
Utah. A smal l  percentage o f  t h i s  w o r l d  resource i s  recoverab le  by known o r  
p r o j e c t e d  s u r f a c e  m i n i n g  methods. The b u l k  can be recovered o n l y  by the  develop- 
ment o f  e f f e c t i v e  and economical i n  s i t u  recovery methods which a l l o w  t h e  recovery 
o f  o i l  va lues  from i n - p l a c e  d e p o s i t s  w i t h o u t  t h e  need o f  e x t e n s i v e  m i n i n g  opera- 
t i o n s .  

I 

Many methods have been proposed f o r  the i n  s i t u  recovery  o f  u n a l t e r e d  and/or I 
m o d i f i e d  bi tumen f r o m  t a r  sand d e p o s i t s  ( I ) .  O f  these, in  s i t u  thermal methods 
possess many a t t r a c t i v e  f e a t u r e s  over  o t h e r  proposed i n  s i t u  recovery  methods. In  
general ,  thermal recovery  r e f e r s  t o  t h e  process o f  in -p lace  h e a t i n g  o f  the  t a r  
sand, u s u a l l y  th rough combustion o f  a p o r t i o n  o f  t he  t a r  sand bitumen, a l l o w i n g  
recovery o f  b i tumen as a now-mobile t a r  o r  as a cracked bi tumen produc t .  I t  i s  
t h i s  process o f  i n - p l a c e  thermal c r a c k i n g  t h a t  i s  o f  p a r t i c u l a r  i n t e r e s t  to  UL and 
which prompted t h i s  study o f  t h e  p y r o l y t i c  behav io r  o f  t a r  sands as a p a r t  of  the 
Laramie Energy Research Center 's  o v e r a l l  e f f o r t  i n  the  development o f  i n  s i t u  ta r  
sand recovery  techno logy .  

I 

I 
I 

I 

Stud ies  o f  t he  thermal c r a c k i n g  o f  pe t ro leum m a t e r i a l s  have been ex tens ive  
( 2 ) ;  however. s t u d i e s  d i r e c t e d  a t  the  thermal c r a c k i n g  o f  t a r  sand bi tumen have 
been o n l y  s p a r s e l y  r e p o r t e d  ( 3 ) .  Most o f  these l a t t e r  s t u d i e s  i n v e s t i g a t e d  the 
c r a c k i n g  p r o p e r t i e s  o f  bitumen a f t e r  i t  had been separated f rom the  accompanying 
sand. Conclusions drawn from p y r o l y s i s  s t u d i e s  o f  separated bi tumen may no t  be . 
v a l i d  when a p p l i e d  t o  p y r o l y s i s  o f  bi tumen t h a t  remains i n  c o n t a c t  w i t h  mineral  
ma te r ia l  as i n  the  n a t u r a l  s t a t e .  Rather,  one would expect t o  f i n d  d i f f e r e n c e s  i n  
the  produc t  y i e l d s  and observed k i n e t i c s  from p y r o l y s i s  o f  neat  bi tumen vs pyro ly -  
s i s  o f  bitumen-sand because o f  such system d i f f e r e n c e s  as thermal c o n d u c t i v i t y ,  
product escape pa ths ,  s u r f a c e  area t o  b u l k  volume r a t i o s ,  and minera l  c a t a l y s i s .  

T h i s  paper r e p o r t s  a l a b o r a t o r y  s t u d y  o f  the  thermal c r a c k i n g  behav io r  o f  
four Utah t a r  sands and a Canadian t a r  send i n  which no p r i o r  s e p a r a t i o n  o f  
bitumen from t h e  m i n e r a l  m a t e r i a l  has taken p lace .  Th is  thermal c r a c k i n g  behavior 
has been i n v e s t i g a t e d  i n  terms o f  the  produc ts  formed, i . e . ,  l i q u i d  p roduc ts ,  
gaseous produc ts ,  and char .  The k i n e t i c s  o f  t h e  o v e r a l l  p y r o l y s i s  r e a c t i o n  has 
been suggested. 

I 
EXPERIMENTAL 

Tar Sand Samples 

Representa t ive  semples o f  the parent  t a r  sand m a t e r i a l  l i s t e d  below were 
frozen i n  l i q u i d  n i t r o g e n  and crushed t o  pass a 14-mesh (U.S. s e r i e s  No. 16) 
screen. T h i s  s i z e d  m a t e r i a l  was used i n  a l l  p y r o l y s i s  exper iments.  
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Northwest Aspha l t  Ridge t a r  sand from a c o r e  o f  t he  295- t o  305- f t  zone a t  
NW1/4 NE1 /4  SE1/4 se t .  23, T. 4 S . ,  R. 20 E . ,  U i n t a h  Co., Utah; 

P.R. Spr ing  t a r  sand o u t c r o p  m a t e r i a l  f rom NE sec. 32,  T. 15-1/2 S., R. 23 
E., U i n t a h  Co., Utah; 

Tar Sand T r i a n g l e  t a r  sand from a c o r e  o f  t h e  1180- t c  1200- f t  zone a t  S W l / 4  
SE1/4 .  sec. 22, T. 30 S., R.  16 E., Wayne Co., Utah; 

Sunnyside t a r  sand f rom a c t l re  o f  the 421- t o  4 5 8 - f t  zone a t  NE1 /4  S W l / 4 ,  
sec. 31, T. 13 S.,  R. 15 E . ,  Carbon Co., Utah; 

Athabasca t a r  sand f rom a p i t - r u n  sample s u p p l i e d  by t h e  Great Canadian O i l  
Sands Co., A l b e r t a ,  Canada. 

P y r o l y s i s  Experiments 

Product C o l l e c t i o n  Experiments. - P y r o l y s i s  exper iments were performed u s i n g  
a h o r i z o n t a l  tube furnace, equipped w i t h  an e l e c t r o n i c  temperature c o n t r o l l e r ,  t o  
heat a 250-mm s e c t i o n  o f  pyrex  p y r o l y s i s  tube (20-mm i.d.) c o n t a i n i n g  charges o f  
140 t o  170 g o f  t a r  sand. Heat-up ra tes  were such t h a t  t he  d e s i r e d  temperatures 
(500, 750, and 1000°F) were reached w i t h i n  15 m i n .  A l l  exper iments were conducted 
under a n i t r o g e n  atmosphere f l o w i n g  a t  0.5 I /m in  (uncor r . )  cor respond ing  t o  a f l u x  

r a t e  o f  230 s c f / f t 2 / h r .  
temperature. Major l i q u i d  p roduc ts  were c o l l e c t e d  i n  two r e c e i v e r s ;  the  f i r s t  was 
an a i r  condenser, t h e  second was an ice-coo led  t rap .  I n  a l l  runs the  m a j o r i t y  o f  
products were c o l l e c t e d  a t  t he  a i r  condenser; only t r a c e  amounts o f  very l i g h t  
products were c o l l e c t e d  i n  the  i c e  t rap .  A l l  o i l  p roduc ts  were combined, sealed, 
and s to red  under n i t r o g e n  a t  5°F f o r  l a t e r  a n a l y s i s .  
i n  100-ml gas sampling b o t t l e s  downstream o f  the  ' ice t rap .  

The n i t r o g e n  was preheated t o  approximate f i n a l  furnace 

Gas samples were c o l l e c t e d  

Product A n a l y s i s .  - O i l  p roduc ts  were analyzed fo r  elemental  composi t ion,  
s p e c i f i c  g r a v i t y  (60eF/600F), and Ramsbottom carbon residue. O i l  p roduc ts  were 
analyzed f o r  sa tura tes ,  a romat ics ,  po la r  a romat ics ,  and asphal tenes (SAPA analy-  
s i s ) .  Th i s  i n v o l v e s  deaspha l ten ing  w i t h  n-pentane and chromatography o f  t he  
r e s u l t i n g  maltenes on a water - jacke ted  column c o n t a i n i n g  200 g o f  grade 62 s i l i c a  
ge l  (Grace) made up i n  n-pentane ( l oad ing  r a t i o  1OO:l); successive e l u t i o n  w i t h  n- 
pentane, benzene, acd benzene/methanol (9:l) separated the  maltenes i n t o  s a t u r a t e ,  
aromat ic,  and p o l a r  a romat ic  f r a c t i o n s ,  r e s p e c t i v e l y .  Simulated d i s t i l l a t i o n  
analyses o f  t h e  o i l  p roduc ts  were ob ta ined by the  i n t e r n a l  s tandard  method o f  
Poulson, e t  a l .  (4 ) .  
t rome t e r . 
K i n e t i c  Experiments 

Gas analyses were ob ta ined u r i n g  a CEC-21-620 mass spec- 

K i n e t i c  d a t a  were ob ta ined us ing  the  same tube fu rnace w i t h  i t s  preheated, 

i n e r t  sweep-gas arrangement ( f l o w  r a t e  0.2 I /min,  uncor r ,  f l u x  r a t e  92 s c f / f t  / h r ) ;  
however, t he  p y r o l y s i s  tube was m o d i f i e d  t o  a l l o w  t h e  ready i n s e r t i o n  and removal 
o f  sn,al l  ceramic combustion boats c o n t a i n i n g  the  t a r  sand samples. P r i o r  t o  a 
run, the  fu rnace temperature was a d j u s t e d  t o  the  d e s i r e d  temperature,  u s i n g  a 
thermocouple conta ined w i t h i n  a boat f i l l e d  w i t h  6.5 g o f  c l e a n  sand. 
thermal ly  es tab l i shed,  t he  fu rnace showed a maximum d r i f t  o f  2OF over a 3-hr 
per iod .  
an a c c u r a t e l y  weighed sample o f  approx imate ly  6.5 g o f  t a r  sand conta ined i n  a 
re ramic  boat. The boat  was p laced i n  t h e  h o t  zone f o r  the  d e s i r e d  t ime pe r iod ,  
drawn t o  the  c o l d  end o f  t he  tube, and coo led  f o r  2 min under a n i t r o g e n  atmos- 
phere. The boat was then removed, r a p i d l y  coo led  i n  powdered d r y  ice,  and s to red  
i n  a d e s s i c a t o r .  Upon r e t u r n i n g  t o  ambient temperature,  t he  boat was weighed t o  
record  the  t o t a l  v o l a t i l e  loss and placed i n  a S lass  e x t r a c t i o n  th imb le  c o n t a i n i n g  

2 

Once 

Runs were performed by i n s e r t i n g  i n t o  t h e  h o t  zone of t h e  p y r o l y s i s  tube 
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I 

RESULTS AND D I S C U S S I O N  I 

I 

a f i n e  f r i t t e d  d i s c  o v e r l a i d  w i t h  a g l a s s - f i b e r  pad. The t h i m b l e  was weighed and 
e x t r a c t e d  e x h a u s t i v e l y  w i t h  ho t  benzene/ethanol, 3 / l ,  i n  a m o d i f i e d  Soxh le t  
e x t r a c t o r  (5). A f t e r  e x t r a c t i o n ,  t h e  t h i m b l e  and boat were d r i e d  i n  vacuo a t  
175OF and reweighed; t h e  d i f f e r e n c e  i n  i n i t i a l  and f i n a l  we igh ts  was taken as the 
weight o f  e x t r a c t a b l e  bi tumen remain ing  on the  t a r  sand. 

P y r o l y s i s  Products 

Al though t h e  chemical  processes o c c u r r i n g  i n  t a r  sands bi tumen a t  e leva ted  
temperatures a r e  most l i k e l y  numerous and complex, t he  o v e r a l l  convers ion  can be 
viewed s imp ly  as g i v e n  i n  Equat ion  1 :  

kg 
Bitumen O i l  + Gas + Coke 

t h a t  i s ,  t h a t  b i tumen upon h e a t i n g  i s  conver ted  i n t o  th ree  produc ts ;  o i l ,  gas, and 
coke. To be u s e f u l ,  t h i s  v iew r e q u i r e s  a d e f i n i t i o n  o f  terms. Bitumen i s  the  
t o t a l  n a t i v e  o r g a n i c  p o r t i o n  o f  t a r  sand t h a t  i s  s o l u b l e  i n  b o i l i n g  benzene/ethanol; I 
o i l  i s  t h e  sum o f  a l l  l i q u i d  p roduc ts ,  condensable a t  O"C,  t h a t  v o l a t i l i z e s  from 
the  heated t a r  sand m a t e r i a l ;  gas i s  t h e  t o t a l  v o l a t i l e  p roduc t ,  no t  condensable 
a t  O " C ,  t h a t  i s  evo lved from t h e  heated t a r  sand; and coke i s  t he  benzene/ethanol- 
i nso lub le ,  n o n v o l a t i l e  carbonaceous m a t e r i a l  remain ing  on the  sand a f t e r  bitumen 
decomposition. I m p l i c i t  i n  t h i s  d e f i n i t i o n  i s  t he  r e a l i z a t i o n  t h a t  n a t i v e  bitumen 
may c o n t a i n  m a t e r i a l  d e f i n e d  as o i l  and gas b e f o r e  p y r o l y s i s .  

P y r o l y s i s  exper iments were performed on t h e  f o u r  Utah and one Canadian t a r  
sands a t  500, 750, and 1000°F under a f l ow ing ,  i n e r t  atmosphere. Analyses o f  
s t a r t i n g  bitumens, o i l  recovery,  and r o u t i n e  produc t  i n s p e c t i o n s  o f  the p y r o l y s i s  
o i l s  a r e  g iven i n  T a b l e  1 .  Several general  t rends  a r e  apparent i n  these da ta .  
O i l  recovery inc reased w 7 t h  i n c r e a s i n g  temperature, a l t h o u g h  the  m a j o r i t y  of t h i s  
increase occur red  as t h e  temperature was increased through t h e  lower p y r o l y s i s  
temperatures, i.e., 500 t o  750°F. A t  temperatures f rom 750 t o  I O O O " F ,  o i l  reco- 
ve r ies  increased o n l y  modera te ly  w i t h  the  increased temperature.  O i l  recover ies  
represent  ac tua l  o i l  p roduc t  c o l l e c t e d  and do n o t  account f o r  t h e  p o s s i b l e  loss of 
o i l  due t o  m i s t  f o r m a t i o n .  Coke-forming c h a r a c t e r  o f  the  bitumens g e n e r a l l y  
fo l lowed t h e i r  Ramsbottom carbon res idue va lues  except f o r  t h e  P.R. Spr ing  sample 
which showed a v e r y  l o w  cok ing  va lue .  
t he  p y r o l y s i s  was v e r y  incomple te  a t  t h i s  temperature l eav ing  l a r g e  q b a n t i t i e s  of 
e x t r a c t a b l e  bi tumen ar;d e s s e n t i a l l y  no coke. Elemental  analyses of t he  produced 
o i l s  i nd i ca ted  t h a t  p y r o l y s i s  caused l i t t l e  change i n  the  C/H r a t i o  w h i l e  a f f e c t i n g  
a reduc t i on  i n  n i t r o g e n  and s u l f u r  con ten t .  As compared t o  t h e  parent  bitumen, 
s p e c i f i c  g r a v i t i e s  o f  t h e  produced o i l s  decreased throughout the  p y r o l y s i s  tempera- 
t u r e  range w h i l e  Ramsbottom carbon res idue va lues  dropped on a l l  produced o i l s .  
Pour p o i n t s  o f  t he  produced o i l s  were low f o r  t he  500°F p y r o l y s i s  and increased 
f o r  the 750 and 1000°F o i l s .  Pour p o i n t s  f o r  t he  Aspha l t  Ridge 750 and 100G"F 
p y r o l y s i s  o i l s  were u n u s u a l l y  h igh ,  perhaps r e f l e c t i n g  the  presence o f  heavy 
hydrocarbons i n  these o i l s  as f u r t h e r  evidenced by t h e i r  waxy appearance. 

Coke va lues  a t  5 0 O O F  a r e  n o t  repor ted ,  as 

The produced o i l s  and the  s t a r t i n g  bitumens were analyzed by  s i l i c a  ge l  
chromatography t o  de termine t h e i r  ma jor  compos i t iona l  f r a c t i o n s .  They were deas- 
phal tened w i t h  n-pentane and t h e  r e s u l t i n g  maltenes chromatographed on s i l i c a  gel 
t o  g i ve  s a t u r a t e s ,  a romat ics ,  and p o l a r  a romat ics  f r a c t i o n s .  The r e s u l t s  o f  t h i s  
chromatographic a n a l y s i s  (SAPA) a r e  g iven i n  Tab le  2. A l l  produced o i l s  contained 
a s u b s t a n t i a l l y  h i g h e r  s a t u r a t e s  conten t  than the  parent  bi tumen and e s s e n t i a l l y  
no asphaltenes. As t h e  p y r o l y s i s  temperature i s  increased the re  i s  a c l e a r  s h i f t  
i n  the SAPA f r a c t i o n s  toward t h e  more p o l a r  c o n s t i t u e n t s .  A t  lower temperatures, 
the  p o l a r  c o n s t i t u e n t s ,  bo th  n a t i v e  and cracked produc ts ,  p robab ly  l ack  s u f f i c i e n t  

I 

I 

I 

I 
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v o l a t i l i t y  t o  escape the  bitumen, and remain behind t o  be f u r t h e r  cracked u n t i l  
they a re  s u f f i c i e n t l y  v o l a t i l e  t o  escape. As the  p y r o l y s i s  temperature i s  i n -  
creased, these p o l a r  m a t e r i a l s  a re  capable o f  v a p o r i z i n g  f r o m  the bitumen i n  a 
molecular  s t a t e  r e t a i n i n g  t h e i r  p o l a r  cha rac te r .  

Simulated d i s t i l l a t i o n  a n a l y s i s  o f  t he  t a r  sand bitumens and o f  the produced 
P y r o l y s i s  o i l s  f rom these bitumens i s  g i v e n  i n  Tab le  3 .  The data a r e  repo r ted  as 
the weight  pe rcen t  o f  the  sample d i s t i l l i n g  w i t h i n  100" ranges from 300" t o  1000°F. 
M a t e r i a l  d i s t i l l i n g  above 1000°F i s  c l a s s i f i e d  as residuum. Because the sample 
o i l s  Were analyzed i n  benzene s o l u t i o n ,  t h i s  a n a l y s i s  d i d  n o t  a l l o w  accu ra te  
de te rm ina t ion  o f  m a t e r i a l s  d i s t i l l i n g  between 0" and 300°F; however, q u a l i t a t i v e  
i nspec t i on  o f  t he  corresponding GC t r aces  i n d i c a t e d  t h a t  t he  q u a n t i t y  o f  m a t e r i a l  
d i s t i l l i n g  i n  t h i s  range i s  smal l ,  es t ima ted  tci be 0 t o  2 w t  percent .  

A l though minor d i f f e r e n c e s  may be observed among the  d i s t i l l i n g  range charac- 
t e r i s t i c s  o f  the  va r ious  produced o i l s  repo r ted  i n  Table 3 ,  more s i g n i f i c a n t  a r e  
the S i m i l a r i t i e s .  A l l  t a r  sands, rega rd less  o f  p y r o l y s i s  temperature, produced 
o n l y  small amounts, u s u a l l y  IO percent  o r  l ess  o f  o i l  b o i l i n g  under 500°F. However, 
the d i s t i l l a t i o n  curves f o r  a l l  produced o i l s  showed the same t r e n d  toward h ighe r  
p ropor t i ons  o f  t he  product  d i s t i l l i n g  a t  h ighe r  temperatures as t h e  p y r o l y s i s  
temperature increased. An impor tan t  o b s e r v a t i o n  can be made cons ide r ing  t h e  
d i s t i l l a t i o n  da ta  and the  o i l  recovery da ta  (Table 3 and Table I ) .  A t  a p y r o l y s i s  
temperature o f  750"F, o i l  recovery i s  h igh ,  approaching t h a t  a t t a i n a b l e  a t  1000°F, 
w h i l e  the d i s t i l l a t i o n  cha rac te r  o f  t he  750°F p roduc t  o i l  i n d i c a t e s  t h i s  m a t e r i a l  
i s  cons ide rab ly  l i g h t e r  than t h a t  produced a t  1000°F. That i s ,  a lower b o i l i n g  
product  o i l  can be generated a t  t he  lower  p y r o l y s i s  temperature w i t h  a moderate 
reduc t i on  i n  o i l  recovery o r  increase i n  coke fo rma t ion .  

Resul ts  o f  t he  analyses o f  t he  gases produced d u r i n g  the  p y r o l y s i s  a r e  g i ven  
i n  Table 4. A l though i t  was n o t  p o s s i b l e  i n  these exper iments t o  o b t a i n  an accurate 
ma te r ia l  balance on the gases produced, due t o  m i s t i n g  o f  the  o i l ,  incomplete 
bitumen convers ion,  a r d  d i l u t i o n  w i t h  i n e r t  gas, t he  repo r ted  va lues rep resen t  the 
composi t ion o f  t he  gas (n i t rogen- f ree)  averaged ove r  the  e n t i r e  p y r o l y s i s .  The 
produced gas was predominant ly  composed o f  hydrogen and methane, w i t h  C g  and C q  

hydrocarbons be ing  nex t  most abundant. 
o t h e r  gases such as carbon d iox ide ,  carbon monoxide, carbonyl  s L l f i d e ,  and hydro- 
carbons above C5. P roduc t i on  of hydrogen s u l f i d e  was h i g h  f o r  Athabasca t a r  

sands, which con ta ins  h i g h - s u l f u r  bitumen, b u t  low f o r  Tar Sand T r i a n g l e  t a r  
sands, which a l s o  con ta ins  h i g h - s u l f u r  bitumen. T h i s  d i f f e r e n c e  suggests t h a t  the 
s u l f u r  i n  these t a r  sands i s  i nco rpo ra ted  i n t o  chemica l l y  d i f f e r e n t  species, 
thereby s i g n i f i c a n t l y  a f f e c t i n g  the p r o d u c t i o n  o f  hydrogen s u l f i d e  from the  t w o  
b i  tumens. 

P y r o l y s i s  K i n e t i c s  

A lso  produced were small  q u a n t i t i e s  o f  

The o v e r a l l  r e a c t i o n  dep ic ted  i n  Equat ion 1 d e f i n e s  the  p y r o l y s i s  process as 
one i n v o l v i n g  the  convers ion o f  bitumen ( reac tan ts )  t o  o i l ,  gas, and coke (products)  
by the a p p l i c a t i o n  o f  heat  t o  a t a r  sand. Many chemical and p h y s i c a l  processes 
c o n t r i b u t e  t o  t h i s  convers ion  and to the observed loss o f  bitumen, each process 
being governed by i t s  own concen t ra t i on  and r a t e  dependencies. The o v e r a l l  r a t e  
constant ,  kB, d e s c r i b i n g  t h i s  process i s  t h e r e f o r e  a n e t  r a t e  cons tan t ,  be ing the  

summation o f  a l l  c o n t r i b u t i n g  processes. A l though the  p y r o l y s i s  i s  complex, two 
bas i c  steps encompass the  n e t  convers ion:  I )  c r a c k i n g  o f  l o w - v o l a t i l  i t y  o rgan ics  
t o  y i e l d  products  o f  h ighe r  v o l a t i l i t y  and coke and 2) v a p o r i z a t i o n  o f  t he  n a t i v e  
and produced o i l s  a l l o w i n g  t h e i r  escape f rom the  bitumen-sand m a t r i x .  I t  i s  n o t  
p o s s i b l e  from the present  study t o  separate these s teps t o  study t h e i r  k i n e t i c s  
independently thereby o b t a i n i n g  t r u e  r a t e  data i n  t h e  fundamental sense. Rather 
our  approach has been t o  s tudy the r a t e  of loss o f  bitumen i n  a process sense 
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where the determined r a t e  d a t a  r e f l e c t  no t  o n l y  c r a c k i n g  and produc t  v o l a t i l i z a t i o n  
ra tes ,  bu t  a l s o  o t h e r  c o n t r i b u t i n g  exper imental  v a r i a b l e s  such as bitumen f i l m  
th ickness, semple p o r o s i t y ,  i n e r t  atmosphere sweep ra tes ,  and o the rs .  

Ana lys is  o f  our  d a t a  t o  determine r e a c t i o n  o r d e r  i n d i c a t e d  t h a t  the  bes t  
s t r a i g h t - l i n e  f i t  was o b t a i n e d  by a p p l i c a t i o n  o f  a f i r s t - o r d e r  t reatment t o  the  
loss o f  bitumen as a f u n c t i o n  o f  t ime. The f i r s t - o r d e r  r a t e  equat ion  express ing  
t h i s  r e l a t i o n  i s  g i v e n  i n  Equat ion  2 ( 6 ,  7 ) :  

1 kg = 7 I n  [a /(a - x ) ]  0 0  
where: t = r e a c t i o n  t ime  

aC = i n i t i a l  q u a n t i t y  o f  bitumen 

x = q u a n t i t y  o f  b i tumen d isappear ing  i n  t ime ( t )  

F igure  I i s  t he  p l o t  o f  d a t a  ob ta ined f o r  t he  p y r o l y s i s  o f  t he  Aspha l t  Ridge 
t a r  sand a t  f o u r  temperatures p l o t t i n g  t ime ( t )  vs I n  [ao / (ao-x ) ] .  

show tha t  temperatures o f  800, 900, and 1000°F produce good s t r a i g h t  l i n e s  a f t e r  
t h e  i n i t i a l  heat-up p e r i o d ,  whereas the  700°F run  r e s u l t e d  i n  a n o n l i n e a r  p l o t  
throughout t h e  e n t i r e  t i m e  span. A n a l y s i s  o f  t he  da ta  f o r  p y r o l y s i s  of the  o t h e r  
t a r  sand samples gave p l o t s  o f  v e r y  s i m i l a r  c h a r a c t e r  t o  F i g u r e  1 w i t h  o n l y  minor 
d i f f e r e n c e s  i n  l i n e  p o s i t i o n  a t  t he  s p e c i f i c  p y r o l y s i s  temperatures. 

These p l o t s  

Rate cons tan ts ,  kB, f o r  each o f  these p y r o l y s e s  were determined from t h e  

s l o p e  o f  p l o t s  o f  Equat ion  2, u s i n g  the  bes t  f i t t i n g  l i n e a r  r e g r e s s i o n  l i n e .  
S t a t i s t i c a l  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  f o r  these r e g r e s s i o n  l i n e s  were 0.96- 
0.99 f o r  t he  800, 900, and lOOO'F runs, i n d i c a t i n g  a good t o  e x c e l l e n t  s t r a i g h t  
l i n e  f i t ,  w h i l e  t h a t  for the  70OoF runs were 0.90 t o  0.92, i n d i c a t i n g  n o n l i n e a r i t y  
and/or s i g n i f i c a n t  c c r v a t u r e  i n  the  da ta  p o i n t s .  

The r a t e  c o n s t a n t s  c a l c u l a t e d  f o r  the  f i v e  t a r  sands a re  g i v e n  i n  Tab le  5. 

Bitumen h a l f - l i f e  values, tlI2, were c a l c u l a t e d  
The p y r o l y s i s  r a t e s  increased by a f a c t o r  o f  about 200 as p y r o l y s i s  temperatures 
increased from 700" t o  1000°F. 

f rom the observed r a t e  cons tan ts  and a r e  g i v e n  i n  Tab le  5. 
ranged from 5800 t o  8500 sec a t  70OoF t o  37 t c  63 sec a t  1000°F. 

These tl,2 va lues  

An Ar rhen ius  (&) p l o t  ( I / T  vs I n  kB) f o r  the  P. R. Spr ing  t a r  sand p y r o l y s i s  

i s  shown i n  F i g u r e  2. S i m i l a r  p l o t s  f o r  t he  o t h e r  f o u r  se ts  o f  r a t e  cons tan ts  
a l lowed the  c a l c u l a t i o n  o f  apparent Ar rhen ius  a c t i v a t i o n  energ ies ,  g i v e n  i n  Table 
5, f o r  the  p y r o l y s i s  o f  each t a r  sand. S t r a i g h t  l i n e  c o r r e l a t i o n s  were ob ta ined 
f o r  each Ar rhen ius  p l o t ,  w i t h  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  o f  0.94 t o  0.99. The 
apparent Ar rhen ius  a c t i v a t i o n  e r e r g i e s  f o r  t be  p y r o l y s i s  o f  t h e  f i v e  t a r  sands 
were near l y  equal ,  w h i c h  suggests t h a t  t he  p y r o l y s i s  s teps  c o n t r i b u t i n g  t o  the  
ra te -de termin ing  process  a re  s i m i l a r  i n  each case; and a l though the  r a t e  constants 
a t  a g iven  temperature v a r y  f rom t a r  sand t o  t a r  sand, the  e f f e c t  o f  an inc rease 
i n  temperature on the  r e a c t i o n  r a t e  i s  t h e  same i n  each. 

SUMMARY 

The general  p y r o l y t i c  behav io r  o f  t he  Utah t a r  sands i s  remarkably s i m i l a r  
d e p o s i t  t o  d e p o s i t  and f o l l o w s  the  trends i n  p y r o l y s i s  c h a r a c t e r i s t i c s  o f  t he  
Athabasca t a r  sands. Common t o  a l l  t a r  sands i n v e s t i g a t e d  i s  the  p r o d u c t i o n  by 
p y r o l y s i s  o f  an upgraded o i l ,  r e l a t i v e  t o  the  n a t i v e  bitumen, i n  terms o f  elemental 
composi t ion,  SAPA compos i t ion ,  d i s t i l l a t e  conten t ,  carbon res idue,  and s p e c i f i c  
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g r a v i t y .  The r a t e  cons tan ts  for  bitumen p y r o l y s i s ,  measured as the  r a t e  o f  loss 
o f  e x t r a c t a b l e  bitumen, were found to be f i r s t  order .  i n  bitumen and to  range from 

I X sec-l  a t  700°F t o  200 x sec - l  a t  1000°F. Each t a r  sand p y r o l y s i s  
e x h i b i t e d  an apparent  A r rhen ius  a c t i v a t i o n  energy i n  the  range o f  33 t o  35 k c a l ,  
suggesting a s i m i l a r i t y  between t h e  t a r  sands i n  t h e i r  p r i n c i p l e  p y r o l y s i s  pro-  
cesses. 
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TABLE 2. - SAPA a n a l y s i s  of t a r  sand bitumens and p y r o l y s i s  o i l s  

Pyro l  ys i s P o l a r  

Tar  sand O F  W t .  % w t .  % W t .  % W t .  % 
temp, Satura tes ,  Aromatics,  a romat ics ,  Asphaltenes,  

B i tumen 48 I8 27 6 
Asphalt  500 90 6 4 0 
Ridge 750 84 1 1  6 0 

1000 77 13 9 1 

B i tumen 29 25 35 1 1  
500 82 a 10 0 
750 74 16 12 0 

1000 65 18 13 1 

B i tumen 42 22 IO 26 
Tar Sand 500 87 IO 3 0 
T r i a n g l e  750 91 7 2 0 

1000 70 25 5 0 

B i tumen 40 15 25 20 

P.R. Spring 

83 
73 
65 

7 
16 
22 

I O  
I I  
13 

0 
0 
1 

B i tumen 43 25 14 17 - .  
500 95 3 2 0 
750 91 4 2 0 

1000 84 IO 6 . o  
Athabasca 
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TABLE 4 .  - .Gas ana lys is  

Pyro lys is  Composition, w t .  %, ni t rogen- f ree-  a /  
H2S Other c 4  c5 

temp., 
Tar sand O F  H Z  '"4 '2 '3 
Aspha 1 t 500 36 15 18 2 1 0 0 28 
Ridge 750 25 25 9 6 I8 3 7 7 

6 1 1  1000 30 21 a 6 12 6 

P . R .  Spring 500 25 13 13 4 2 0 27 16 
6 14 6 2 12 750 27 24 9 

1000 28 30 8 4 6 4 1 19 

0 0 0 26 Tar Sand 500 5 38 24 7 
T r i a n g l e  750 1 1  23 14 IO 21 IO 9 2 

1000 26 47 12 3 5 1 3 3 

750 36 25 13 6 I6 1 1 2 
1000 56 31 4 I 4 I 0 3 

Athabasca 500 19 8 14 I 1 0 I 4  43 
5 

Sunnys i de 500 30 23 21 0 0 0 0 26 

8 21 
1000 I9 36 1 1  8 l 3  7 4 12 3 
750 IO 22 12  

a/Ni trogen_ave_r_aged 90 to 99% of t o t a l  gas 
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TABLE 5. - Rate cons tan ts  and apparent Arrhenius a c t i v a t i o n  energ ies 
f o r  t a r  sand p y r o l y s i s  

P y r o l y s i s  
Apparent Arrhenius 

constant  tl,2, sec Ea, k c a l  
tzmp., 4 - 1  kB x 10 , r e c  

Tar sand 

Aspha l t  
Ridge 

700 0.81 8500 
33 16.5 800 4.5 1500 

900 89 78 
1000 110 63 

33 16.5 800 4.5 1500 
900 89 78 

1000 110 63 

P.R. Spr ing 700 1 . 1  6300 
33 16.5 800 6.7 1000 

900 64 110 
1000 180 38 

T a r  Sand 700 1.2 5800 
T r  iang I e 800 7.2 960 

900 52 130 
1000 150 46 

Sunnyside 700 0.88 7800 

33 16.5  

Atha basca 

35 17.9 800 5.1 i 400 
900 99 70 

1000 I60 43 

700 1 . 1  6300 
800 7. I 970 
900 59 120 33 16.4 

.. 

1000 I90 37 
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FIGURE 1 . -  FIRST-ORDER KINETIC PLOT FOR ASPHALT RIDGE TAR SAND PYROLYSIS. 

FIGURE 2.- ARRHENIUS PLOT FOR P.R. SPRING TAR SAND PYROLYSIS. 
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IhrPRODUCTION 

Research on t h e  developnent of in-situ o i l  sha le  processes has recently accel- 
erated i n t o  a nation-vide program. 
of oil shale deposits v i r t u a l l y  eliminates t h e  envi romenta l  problems posed by t h e  
conventional mining of o i l  sha l e  and the  disposal of resu l t ing  spent materials.  
ever,  t he  in-situ process a l s o  presents a serious d isposa l  problem, namely t h e  co- 
production of vas t  amounts of  process water along v i t h  t h e  o i l  shale.  

This technique of in-place underground r e t o r t i q  

How- 

The composition and proper t ies  of the r e t o r t  water produced usua l ly  depends 
upon t h e  technique and operating conditions employed i n  the  re tor t ing  process as  well 
as  t h e  loca t ion  a d  nature of t he  o i l  shale,  
with considerable quan t i t i e s  of soluble organic ard inorganic materials. The pre- 
sence of carboxylic acids (from ace t i c  t o  capry l ic  ac id)  has been noted e a r l i e r  by 
Cook (1) i n  TOSCO o i l  sha l e  r e t o r t  water; bu t ,  t he  presence of phenols i n  r e t o r t  water 
from the Green River Oil Shales has been doubted f o r  severa l  years (2). 
t o  these acidic organic compounds, subs t i tu ted  benzenes and nitrogen bases a re  present 
since these  too, e x i s t  abundantly i n  shale o i l s  ( 3 , b ) .  
ents contain varylng quan t i t i e s  of organlcs which could ser ious ly  impair t h e  qua l i t y  
of ground water. 
ce r t a in  phenolic and tox ic  components i n  the r e t o r t  water. 

Generally, t h e  r e t o r t  water i s  loaded 

I n  addi t ion  

Untreated r e t o r t  water e f f lu -  

This would pose a health hazard t o  humans due t o  t h e  presenea of 

A number of processes have been suggested f o r  r e t o r t  water treatment, 
objective of t h i s  work is  aimed not a t  a discussion of t h e  pur i f ica t ion  of organic 
components present i n  r e t o r t  waters but ra ther  t o  provide an iden t i f i ca t ion  of t h e  
organic compowis found i n  t h e  benzene soluble f r ac t ion  of r e t o r t  water, inclw3ing 
carboxylic acids,  phenols, nitrogen bases, and subs t i tu ted  benzenes, from gas chrom- 
a t  ography-mas s spectrometry (GC -MS ) data.  

The 

EXPERIMENTAL 

A. Sampling a n i  Extraction Procedures 

or’Colorado region were a l l  co l lec ted  from the  Laramie 10-ton simulated in-s i tu  r e to r t -  
1%‘ process. 
f i l t r a t i o n  through a Nalge 0.2 micron f i l t e r  un i t  f o r  removal of o i l y  
pr ior  t o  sampling. 
were kept urder re f r igera t ion .  
i n t o  a 500 ml lyophi l iz ing  container.  
temperature. 
the solvent Over an 8-10 hour period, 
concentration for G C a  i n j e c t i o n  by evaporating the  benzene solvent u i t h  a purified 

The r e t o r t  water samples formed fromGreen River Oil Shale of e i t h e r  t he  Utah 

A homogeneous representative sample of r e t o r t  water was obtained by 
a r t i c u l a t e  

To avoid b io logica l  ard physical degradative e f f ec t s ,  all samples 
A 200 m l  al iquot of r e t o r t  water was taken a d  p o u d  

T h i s  was then allowed t o  freeze-dry a t  a low 

The ex t r ac t s  were then  adjusted t o  t h e  desired 
The ex t rac t ion  method chosen was S o x h b t  ex t rac t ion  Using benzene as 

I 

I’ 

I 
1 
I 
‘M 

I 
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nitrogen stream. 
methanol, followed by subsequent ex t rac t ion  of t h e  e s t e r  by heJane for aMlysi.9. 

B. Gas Chromatograph-Mass Spectrometer A n a l y s i s  

organic compounds. 
mixture i n t o  i t s  various f r ac t ions  on t h e  basis of v o l a t i l i t y .  
composed of consti tuents having s imi lnr  bo i l ing  points,  with t h e  lower boiling com- 
pounds being vaporized and recolded by t he  de tec tor  before ' the  higher boi l ing  
components. 
of operation as  well as t h e  relatively f e w  instruments requirad as  basic appnratus, 
i ts high degree of s e n s i t i v i t y  i n  determining the  composition of t h e  gas e f f luent ,  and 
i ts  capabi l i ty  of producing both qua l i t a t ive  and quant i ta t ive  da ta .  

r e su l t s  a r e  obtained. The combination of a gas chromatograph with a mass spectrameter 
(with the  aid of a computer) allows t h e  de tec t ion  of two or more components belong- 
irg t o  a sillgle gas chromatograph peak. GC-MS works on t h e  pr inc ip le  of e i t h e r  chem- 
i c a l  or el.ectron impact ion iza t ion  of organic compounds. Chemical ion iza t ion  (C1)- 
mass spectrometry involves a much milder ion iza t ion  process than e lec t ron  impact (EI) 
and thus improves t h e  chances of detecting molecular ions f o r  l a b i l e  compounds. The 
mass spec t r a l  da ta  of an unknown compound can be compared against  reference E1 or C I  
spec t ra  t o  aid i n  t h e  iden t i f i ca t ion  of t h e  unknown compound. However. E1  ASS 
spectrometry cannot be used alone s ince  some molecular ions (Mi) produce weak s igna ls  
and therefore go undetected. 
e s t e r s ,  and other l a b l l e  molecules. The absence of these  molecular ions makes the  
in te rpre ta t ion  of unknown mass spec t ra  extremely d i f f i c u l t  if not impossible. 

c. Corditions 

A portion of t he  ex t r ac t  was methylated by eSterlflCPtiOn i n  

Gas chromatography is of ten  employed i n  t h e  annlysis of complex m U u r e s  of 
Through gas chromatography, it is possible t o  separate an organic 

Each f r ac t ion  w i l l  be 

The advantages of t h e  gas chromatograph lie i n  its speed and convenience 

When a mass spectrometer is attached t o  a gas chromatograph, even more spec i f ic  

This is espec ia l ly  t r u e  of some alcohols,  amines, e thers ,  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 

Columns 
Column temp: 60-250s: programmed a t  80/min 
Carrier Gas1 
In jec t ion  temp: 250% 
Ion source pressure: 
Electron energy: 70 eV (120 eV) 
Filament current: 500 microamps 
Ion source temp: 180% 
Scan speed: 2.5 sec 
Mass Range: 34-350 (60-350) 
GC-MS In te r face  tempr 260% 
(The CI conditions,  when d i f f e ren t  from EI, a r e  i n  Parenthesis.) 

3$ OV-17 on 80/100 mesh Cas Chrom Q, 6 f t  x 2 m I D  

Helium (methane) a t  a flow of 18 cc/min 

1.0 x 10-5 t o r r  (1.0 t o r r )  

The GC-MS in te r face  f o r  Ef analysis was a s ing le  stnge g lass  jet separator.  For C I  
analysis,  the  GC column was connected d i r e c t l y  t o  MS ion  source v i a  an i so l a t ion  valve. 
The mass spectrometer used was a Finnigan Model 3300 interfaced t o  n Finnlgan Model 
9500 gas chromatograph. Data col lec t ion  and output was done using a Finnlgan Model 
6000 GC-MS data system. 

RESULTS AND DISCUSSION 

The examination of t he  methylnted benzene-soluble f rac t ion  show t h a t  t he  n o m 1  
carboxylic acids do e x i s t  in r e t o r t  water1 however, these  carboxylic acids represent 
only t h e  minor portion i n  the  methylated fraction. 
two series of these acids presented. 
acid) which could come d i r e c t l y  from the  pyrolysis of re tor t ing .  
carbon rnrmbers above C 6 (palmitic acid) which Ius been found i n  t h e  ori iml  oil 
shale sediment (5). 
ever, t he  C An example of t h e  search f o r  methyl 
palmitate ( E  6) i s  s h m  i n  Figure 2 i n  which a weak penk of m/e 270 i n  EX (e lec t ron  
impact) spectrum can be enlarged and iden t i f i ed  ce r t a in ly  by t h e  chemical i on i sa t ion  
(CI) mass spectrometer. 

As shown i n  Figure 1, t he re  a m  
One has carbon numbers below C i i  (undecnmoic 

Another series b v e  

The even normal carboxylic acids are daninnnt i n  tds series. How- 
t o  C 1 5  acids a r e  e n t i r e l y  abaent. 
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phenols frm shale  oil have been iden t i f i ed  by various inves t iga tors  (3.6). but 
t h e i r  presence i n  t h e  Green River r e t o r t  water was doubtful (2). Figure 3a represents 
the gas chromatographic peak of m / e  94. 
odd-electron 66(M40)t peak accompanied by 65(M-CHO)+ t o  recognize t h e  phenol funtion- 
d i t y  (7)  i n  t h e  r e t o r t  water (Figure 3b). Additionally, c reso ls  have a l so  been fourd 
i n  r e t o r t  waters. 
mount of long-chsin alkanes. 
abundantly i n  sha le  o i l s .  

It w a s  Confirmed by t he  mass S P e c t m  of the 

The mass spectrum of t h e  methylated f r ac t ion  a l so  ind ica te  a t race  
Their presence is not surpr l s ing  s ince  they  e x i s t  

compounds of t h e  C&izn-6 subs t i tu ted  benzene se r i e s  cons is t  of xylenes (C8ff10) 
and ethyltoluene (C9Hi2). 
two types of compounds ind ica tes  a methyl subs t i tuent  with t h e  benzene ring. 
d i t i o n  t o  t h e  above subs t i tu ted  benzene series, biphenyl (C12H10) has a l so  been iden- 
tified i n  t h e  benzene so luble  f r ac t ion  of r e t o r t  water. 
i den t i f i ca t ion  of t h e  parent molecular i on  peak 
biphenyl. 

have been iden t i f i ed  from benzene ex t rac ts  of r e t o r t  waters. f e c e n 8 2  i?:>mpre- 
hensive study on polar  cons t i tuents  of Green River oil shale by Anders e t  a l .  (8) ,  
C n H 2 n - p  has been l i s t e d  among t h e  iden t i f i ed  nitrogen compounds. Figure 5 repre- 
sents he mass spectrum and possible s t ruc tures  of t h i s  compound. (C7H9NO2). 
experinentrl  mass of t h e  fragment ions appearing a t  nominal masses 53, 67, 81, 96, 106, 
110, 111, 121, 124, and !@ 139 a l l  correspond c lose ly  t o  t h a t  reported by Anders et  
al .  ( 8 )  i n  which M-15, M-18, M-28. and M-29 fragment ions ind ica te  a loss of CH , H20, 
CO, and CHO from t h e  parent s t ruc ture .  The mass spectrum of other oxygenated n?trogell 
compounds, CP7N02 (n-methylsuccininide), a r e  shown i n  Figure 6. 
could be derived p a r t l y  from t h e  oxidation products after cleaving t h e  amide C-C b o d  
t o  t h e  C t o  group i n  t h e  original kerogen matrix, and pa r t ly  from t h e  dehydration of 
dicarboxylic acids with amines. The organic su l fu r  compound has a l s o  been seamhed 
by t h e  chemical ion iza t ion  mass spectrometer i n  which t h e  major representative f a l l s  
i n t o  a M+l, mass mber of 128. However, not enough infonnation is avai lab le  t o  
speculate sbout t h i s  s u l f u r  compound, 

The most prominent M-15 ion  peak i n  the  s w c t r a  of these 
I n  ad- 

Figure 4 represents t h e  
154 and t h e  i so la ted  GC peak of 

Two types of oxggen-containing nitrogenous compounds, C HZn- n 2n-3N02, 

The 

These two compounls 

The above preliminary report  cons t i tu tes  t h e  i n i t i a l  inves t iga t ion  of t he  organ- 
I C  
summarized as followsi 
1. 

components i n  r e t o r t  waters, The major r e su l t s  of t h e  inves t iga t ion  can be 

There a re  two series of long-chain normal carboxylic ac ids  ex is t ing  i n  r e t o r t  
waters which could come pa r t ly  from t h e  pyrolysis of r e to r t ing ,  an l  p a r t l y  from 
t h e  or ig ina l  oil sha le  sediment, 

Phenolic compounds have been found i n  the  r e t o r t  water which may be fonned from 
t h e  thermal decomposition unler  re tor t ing  conditions. 

Long-chain n o m 1  alkanes alrl subs t i tu ted  benzenes were iden t i f i ed  i n  r e t o r t  waters, 
s ince  they e x i s t  abundantly in shale oils. 

Spec t ra l  ana lys i s  of n i t rogen  compounds showed t h a t  two types of oxygenated nitro- 
gen components (mle imides  a d  succinimide) can be i den t i f i ed  from the  benzene 

2.  

3. 

4. 

II 
I 

I 

ext rac t  of r e t o r t  waters. Maleimides have been found in t h e  polar  f r ac t ion  of 
Green River oil sha le  (8). 
carboxylic acids and amides will a l l  cause the  formation of these two nitrogen 
compounds. 

The amide oxidation as  w e l l  as the  dehydration between di-  

Further experimerks t o  charac te r ize  and i s o l a t e  r e t o r t  water i n t o  ac id ,  base, 
and neut ra l  f rac t ions  a re  i n  progress. 
t ron  impact and chemical ion iza t ion  MS i n  conjunction with GC of fers  the  inherent ad- 
vantages f o r  t h e  ana lys i s  of t h e  vas t  number of organic camponents i n  r e t o r t  waters. 

The present method of t h e  combination of elec- 
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